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PREFACE 


During the last ten years or so, considerable amount of informa¬ 
tion concerning the structure of polyatomic molecules has been obtained 
through the theoretical studies with the help of the wave mechanics 
on the one hand, and the experimental investigations of the infrared and 
the Raman spectra on the other. Lately, there has appeared a number 
of books and monographs which taken together cover every aspect of 
the subject. Schaefer and Matossi’s Das Ultrarote Spektrum, 
Kohlrausch’s Der Smekal-Raman Effekt and the recent Erganzungsband, 
Sponer’s Molekulspektren, Stuart’s Molekulstruktur, the chapters by 
Teller and by Mecke in Eucken-Wolf’s Hand-und Jahrbuch der che- 
mischen Physik, Bd 9/II, Plazcek’s article in Marx’s Handbuch der Radio- 
logie, Bd 6/II, 2nd edition, and Dennison’s article in the Review of 
Modern Physics, Vol. 3, 1931, deal with either the empirical or the theo¬ 
retical side of the problems of the vibrational spectra of molecules. 
Some explanation would indeed be necessary for the present attempt to 
deal with the same subject that has already been so adequately treated. 

Just before the present Sino-Japanese war in 1937, the Physics 
Department of the National University of Peking was planning to start 
some work in the field of spectroscopy. A course on molecular spectra 
was organized. The treatment of the theoretical parts of the subject 
was largely based on the works of Dennison and Teller. In presenting 
the experimental data and their interpretations, it was felt that the 
treatments of the individual molecules in the afore-mentioned works are 
usually by necessity too brief and in a few cases they need some changes 
in view of more recent experimental data. Since the war, the Univer¬ 
sity was forced to move, first to Chang-sa, and later here. With the 
complete lack of laboratory equipments, to go on with the projected work 
becomes impossible. It is thought, however, that opportunity might be 
taken of the reduced teaching duty and the suspension of experimental 
work to survey the field in a more detailed and critical manner. The 
following pages are the result of incorporating some of the more recent 
investigations into some former notes. 

In view of the existence of the above mentioned and other works, 
it best to confine this work to the vibrational spectra of polyatomic 

molecules and the informations obtainable from them. Even then, no 



ii 


Preface 


attempt is made at comprehensiveness: rather only those still compara¬ 
tively simple molecules are treated for which there exist sufficient data. 
The emphasis has been laid more on the individual molecules than on 
the systematics of the spectra of molecules containing similar structural 
groups. For the latter, reference should be made to Kohlrauch’s Er- 
ganzungsband (which is unfortunately not available to the writer). The 
studies, in the last few years, of molecular association by means of the 
spectra have not been reviewed in detail; for while it is easy to under¬ 
stand jn a qualitative manner the frequency shifts arising from the for¬ 
mation of hydrogen bonds, both quantitative measurements and a 
quantitative theory do not seem to be at hand. Also the calculations 
of thermodynamic functions from spectroscopic data have only been 
briefly summarized, for except in two or three cases (ethane, benzene) 
these functions are more of chemical than physical interest. An elemen¬ 
tary exposition and summary are given of the theoretical background 
on which the discussions of the empirical data are based, in the hope that 
they may serve as an introduction to the subject for those not already 
familiar with the work in this field. A little knowledge of the wave 
mechanics is assumed. In the main, these introductory chapters are 
based on the above-mentioned works, in particular, of Dennison and of 
Teller, to which frequent references are made. 

On account of the lack of adequate library facilities, it has not 
been found possible, nor indeed useful, to quote all the original papers 
on the subject. For this the writer may perhaps be pardoned, since the 
works of Schaefer and Matossi, Kohlrausch, Stuart and Sponer give 
adequate references to practically all earlier papers. It will be obvious 
that the discussions of the different molecules in Chap. Y are far from 
being uniform. This is necessary from the nature of the molecules and 
of the data that are available. More weight has naturally been given 
the high dispersion infrared investigations of which the Michigen Labora¬ 
tory has perhaps made the most signal contributions. It will be noted 
how much more definite informations can be derived from a high dis¬ 
persion and high resolution study than from a low dispersion work which 
merely locates the positions of the bands. Let us hope that in the near 
future, many, of the molecules for which only tentative discussions are 
given here will be subjected to high dispersion investigations. 

The writer is indebted to the many authors from whose works 
he has drawn so freely, and in particular to Professor D. M. Dennison 
from whom he first learned the subject of molecular spectra. To the 
University, he is grateful for arranging to publish this work on the 
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occasion of its Fortieth Aniversary. Finally, he wishes to express his 
gratitude to his teacher and friend, Professor Y. T. Yao, Director of 
the Physics Laboratory, but for whose inspiration this work would not 
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Ta-You Wu 
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National University of Peking, 
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CHAPTER I 

INTRODUCTION: METHODS OF STUDYING MOLECULAR 

STRUCTURE 

A molecule may be conceived as a number of atomic nuclei im¬ 
bedded in the field of a distribution of electrons, or as a number of 
electrons in the field of the nuclei. Just as in an atom, the electrons in 
a molecule are capable of existing in different energy states. This is 
established in a direct manner, besides by the results of the analyses of 
the spectra of molecules, by experiments on the excitation of molecules 
by electron impacts—similar to the Franck-Hertz experiment for the 
atoms. In a given electronic state, there is an equilibrium configuration 
for the atomic nuclei. Now the questions that first present themselves 
are the following: What are the geometrical form and the dimensions 
of a molecule in a given electronic state, and in particular, in the normal 
state? What is the distribution of the electrons? What is the nature 
of the binding of the different atoms in the molecule? We shall see 
that informations concerning these different aspects of the problem of 
molecular structure can be obtained from a variety of experimental and 
theoretical studies. We shall mention briefly a few of the more direct 
and fruitful methods in this chapter and devote the rest of the present 
volume to the discussion of the methods and results obtained from the 
study of the vibrational spectra of polyatomic molecules. 

• 

§1. Non-spectroscopic Methods 

A) Permanent Electric moment Measurements 

From measurements of the permanent dipole moment of a molecule, 
one learns about the distribution of the electric charges in the molecule. 
Thus a zero moment indicates in general a symmetrical distribution. 
From the dipole moments of a series of molecules containing a certain 
chemical bond or a certain radical, it is possible to deduce a value for 
the dipole moment of the bond or radical, the assumptions being made 
that there is a definite meaning in ascribing a moment to a bond or 
radical, and that in a molecule these bond and group moments add to¬ 
gether vectorially without greatly affecting the value of one another. 
This method is useful in deciding between two or more possible structures 
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for certain molecules. It is subject, however, to the following limitations: 
On the one hand, the above assumption that the moments of different 
bonds or groups simply add vectorially in a complex molecule is not 
always valid on account of the induction effect. On the experimental 
side, it is not always practicable to measure the dipole moments of mole¬ 
cules in the gaseous state, and measurements in the liquid state and in 
solutions are subject to a number of disturbing factors for which cor¬ 
rections have to be made, sometimes only with difficulties and in a semi- 
empirical manner. 

B) Polarization of Scattered Radiations and Kerr Effect 

Information concerning the symmetry properties of the electric 
charge distribution in a molecule can also be obtained through a study 
of the polarization characters of the coherent scattered radiations (Ray¬ 
leigh scattering) from the molecule. The scattering process is deter¬ 
mined by the polarizability of the molecule, which is in general an 
ellipsoid. For a molecule which is spherically or tetrahedrally symmetric, 
the ellipsoid becomes a sphere arid an electric moment can be induced 
with equal ease in all directions. The scattered' radiation will in this 
case be polarized (that is, the electric intensity of the scattered radiations 
lies in the same direction as that in the incident radiations). In a 
molecule in general, however, because of the anisotropy, the induced 
electric moment will not correspond exactly to the direction of the electric 
vector of the incident radiations and the scattered radiations will be 
partially depolarized, the degree of depolarization being determined by 
the structure of the molecule. Thus measurements of the depolarization 
of the scattered radiations will throw light on the problem of the 
symmetry of the* molecule. 

The appearance of double refraction in a substance when placed 
in an electric field is also closely related to the polarizability of the 
molecule. A partial orientation of the molecules as the result of the 
induced moment In the field brings about a difference in the behavior of 
the molecules In different directions under the action of the incident 
radiations. From measurements of the so-called Kerr constant of a 
molecule, it is possible to derive certain information concerning the an¬ 
isotropy of the polarizability tensor of the molecule. 

C) X-ray and Electron Diffraction Measurements 

When a monochromatic beam of X-ray or electrons of suitable 
energies is directed through a gas or vapor and the diffracted beam 
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received on a photographic plate perpendicular to the original b eam, 
certain intensity patterns are obtained which are symmetrical about 
the geometrical center of the beam and are characteristic of the 
particular molecule under investigation. The theory of Debye enables 
a correlation to be made between the intensity pattern and the inter- 
nuclear d.stances in the molecule. By comparing the observed pattern 
with the theoretical pattern calculated with various assumed inter- 
nuclear distances, it is possible to determine these distances. These 
methods have been extensively used in recent years and have yielded 
the most direct values for the internuclear distances of molecules. They 
are, however, subject to the following limitations: As the diifraction of X- 
rays is mainly determined by the electrons in the molecule, the accuracy 
of the determination of the internuclear distances depends on the accuracy 
with which the electron distribution is known, or, since this distribu¬ 
tion is usually not known with high accuracy, on how good the appro¬ 
ximate distribution is. The diifraction of electrons of 40000-50000 volts 
energies is, however, mainly a nuclear process and the calculated inten¬ 
sity pattern is mainly determined by the nuclear distances. In this case, 
only the relatively heavy atoms in a molecule contribute appreciably to 
the diffracted intensity pattern, and to molecules composed of light atoms 
such as H and D, this method cannot be applied. In this respect, this 
method and the method of infrared spectroscopy are complementary. 

§2. Molecular Spectra 

Just as in an atom the electrons in a molecule can exist in different 
energy states. The energy differences between these states can be ex¬ 
pected to be in general of the same order as in the atoms. Hence a 
transition from one to another of these states, when accompanied by a 
change in the electric moment of the system, will give rise to the emis¬ 
sion or absorption of radiation whose frequency is determined by the 
relation 

hv - (1) 

and lies usually in the visible or the ultraviolet region of the spectrum. 

In any electronic state, there must be an equilibrium configuration 
for the atomic nuclei for the molecule to be stable at all. One may thus 
consider the molecule as a system of particles in stable equilibrium in a 
potential field. Such a system can, accordiag to mechanics, execute 
vibrations about the position of equilibrium. The frequencies of these 
vibrations are determined by the masses of the atoms and by the poten- 
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tial field. (1) They lie approximately between ca. 3500 cm”” 1 (ca. 3/a) in 
molecules containing the lightest atom H, and 300 cm” 1 (~ 30 /a) or even 
lower in molecules containing such heavy atoms as Br or I. According 
to the quantum theory, the vibrational energy of a molecule is quantized 
so that there are discrete states with different energies. If in a transi¬ 
tion from a vibrational state v to a higher state v' there is a change 
in the dipole moment of the system (electrons and nuclei), radiation of 
frequency given by 

k\ v *== (Evib)v' — ( Evib)v (2) 

will be absorbed. From a study of the near infrared spectrum (1-30/a), 
informations concerning the vibrational states of the molecules can be 
obtained. 

In addition to the electronic motion and the vibrations of the 
atoms, a molecule can rotate as a whole. According to the quantum 
theory, the rotational energy of a molecule is also quantized so that there 
are discrete states with different energies. The frequency associated 
with a change of the rotational state 

hv r 5=3 (i Erot ) r ' ~ (E to £ )r (3) 

is in general of the order 20-200 cm -1 depending on the moments of 
inertia of the molecule. Transitions between the rotational states, if the 
molecule possesses a permanent electric moment, will give rise to the 
emission or absorption of radiation in the far infrared spectrum (50- 
500/a). This spectrum is called the pure rotational spectrum. 

When there is a simultaneous change in the vibrational and the 
rotational states of a molecule, the frequency of the radiation will be 
given, in a first approximation, by adding (1) and (2), 

hv 33 (Evib 4* Erotj^r* (Evib + Erot)vr ^ + Vr) (4) 

Since v v > v r , the general position of the radiation in the spectrum will 
be that of v„; but now the radiation, instead of the single frequency 
(2), has a large number of frequencies corresponding to different 
changes in the rotational states. The spectrum is then a large number 
of lines forming a band, which is called a vibration-rotational band. 

When there is a simultaneous change in the electronic, vibrational 
and rotational states of a molecule, the frequency of the radiation is 

(1) Since the vibrational motions are relatively slow compared with the mo¬ 
tions of the electrons on account of the great difference in their masses, the electronic 
structure will be able to adjust itself during these vibrations. It is with a sort of 
averaged potential field during these vibrations that we are dealing. 
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given in a first approximation by adding (1) and (4), which lies in the 
general region determined by (1) since Eei^Evit. Various transitions in 
(4) for a given transition (1) form a system of electronic bands. From 
the analyses of such bands, informations concerning the excited electronic 
state as well as the normal state can be obtained. Unfortunately, com¬ 
paratively few polyatomic molecules thus far studied show discrete 
electronic bands, although valuable informations can also be obtained 
from the continuous absorption spectra. In the present volume, we shall 
not be concerned with these electronic transitions, but shall rather con¬ 
fine ourselves to (the considerations of polyatomic molecules in their 
normal electronic state, i.e., to the study of the vibration-rotational 
spectra of polyatomic molecules. 

While the positions of the vibration-rotational bands of a molecule 
are determined by the masses of the atoms and by the potential field, 
the structure of the bands is determined by the following factors: (1) 
the symmetry properties of the molecule, (2) the directions of the change 
of the electric moment due to the vibration, relative to the elements of 
symmetry of the molecule, and (3) the values of the principal moments 
of inertia of the molecule. Also by taking into consideration the in¬ 
teraction between the vibration and the rotation of the molecule in (4), 
certain features in the band structure can be explained. Hence with 
the help of the theory, the study of the positions and the detailed structure 
of the bands will furnish one with the following informations concerning: 
(1) the symmetry properties of the molecule, (2) the nature of the 
potential field, i.e., the nature of the binding of the atoms in the molecule, 
and (3) the moments of inertia and consequently the dimensions of the 
molecule. In some cases, such informations cannot be obtained by other 
means and the study of the vibrational spectra becomes then indispens¬ 
able. 

The vibrational spectrum of a molecule can be studied in absorp¬ 
tion and in scattering (Raman effect). Experimentally, the study of 
the infrared spectrum requires a technique completely different from 
that for the visible or the ultraviolet region. Briefly, the experiment 
consists in passing the radiation from a suitable continuous source (usual¬ 
ly a Nernst glower for the near infrared, and a gas mantle for the far 
infrared) through the substance under investigation (preferably in the 
gaseous state, but may also be liquids, crystals or solutions).The radia¬ 
tion is focussed, by means of mirrors so as to avoid chromatic aberrations, 
on the slits of a spectrometer. This may be a prism instrument (fluorite 
prism may be used up to rocksalt to owl5/x, fIBr to 26/t, KI to 
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^30ju) if the required dispersion is not great. A grating of the echelette 
type with the proper ruling space must be used for high dispersion and 
resolving power. To avoid the overlapping of different spectral orders 
in the grating instrument, a prism-grating combination has been devised 
in which a narrow energy band in the desired spectral region is obtained 
and isolated by means of a fore prism of the suitable material and this 
narrow energy band is further analyzed by a grating. In the far in¬ 
frared where the prism technique is not applicable, the purification of 
the spectral energy is often achieved by means of filters and by reflections 
from Reststrahlen crystals or pressed plates. In the case of a prism 
instrument, wave length measurements can be made either from the posi¬ 
tions of minimum deviation of the prism and the known dispersion curve 
of the prism materia], or by means of an empirical calibration curve 
obtained with infrared atomic lines and molecular bands whose wave 
lengths are known. With the grating instrument, the wave lengths may 
be obtained from the positions and the constants of the grating. 

Perhaps the greatest experimental difficulty in infrared investiga¬ 
tions is the detection of the radiation, which is now usually done by 
means of sensitive thermocouples. To increase the sensitivity, the ther¬ 
mocouples are housed in high vacuum. This necessitates a housing with 
a suitable material for the window to permit the entry of the radiation 
to be measured. To reduce the “drift” of the galvanometer due to 
changes in the temperature of the surrounding, one may employ two 
junctions in opposition, with one of them exposed to the radiation 
to be measured. The small current generated in the thermocouple may 
be amplified by certain devices and measured by a sensitive galvanometer. 
The amplification is limited, however, by the unsteadiness of the system 
on account of the Brownian motions. 

Theoretically, it would be desirable to employ as high a dispersion 
and resolution as possible so as to obtain the structure of a band down 
to the greatest details. This is limited, however, by the practical difficulty 
of measuring too small an amount of energy in the infrared. This is a 
disadvantage compared with the technique in the photographic region in 
which the integrating effect may be used. Now one meets with no great 
difficulty in obtaining a resolution of lines as close as 0.5 cm -1 throughout 
the whole region 1-100/t, although a great deal of the work in this field 
has been done with a much smaller resolution. This is due to the fact 
that the amount of manual work required to cover a given spectral region 
increases very much as one increases the dispersion and the resolving 
power of the instrument. 
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On the experimental aide, certain spectral regions, for example 
30-40/*, present some difficulties in that there is no satisfactory material 
for the window of the thermocouple, and a high sensitivity of the detect¬ 
ing device is essential in work of high resolution. For this reason, the 
spectra of molecules composed of relatively heavy atoms remain mostly 
unexplored in this region. On the other hand, the method of electron 
diffraction is best adapted to such molecules. Also the data from the 
Raman effect are most useful for these low frequencies. 

The Raman spectrum of a molecule excited by a monochromatic 
radiation consists, as is well known, of a number of lines whose frequency 
differences with that of the exciting radiation are equal to the vibrational 
frequencies of the molecule. Thus certain low frequencies which lie in 
a region not easily accessible by the infrared technique can be obtained 
from the Raman spectrum. Also in molecules possessing certain elements 
of symmetry, not all the normal vibrations will appear in the absorption 
spectra. In such cases, the selection rules are usually such that vibra¬ 
tions that appear in the infrared do not appear in the Raman spectrum, 
while those appearing in the Raman spectrum do not appear in the in¬ 
frared. Thus the combined data of the infrared absorption and the 
Raman spectra are necessary for obtaining the vibrational frequencies 
of the molecule. 

In the following three chapters, we shall present the theory of 
the vibrational spectra of polyatomic molecules on which the interpreta¬ 
tions of the observed infrared and Raman data are based. In Chapter 
V, we summarize the results that have been obtained for a number of 
molecules. It is beyond the scope of this work to attempt a discussion 
of the experimental technique, the theory of electronic structure of poly¬ 
atomic molecules, and the theory and results of the non-spectroscopic 
methods mentioned in §1 of this chapter. The following list of general 
references will perhaps be helpful for the reader who wishes to go into 
these subjects. 

(I) General accounts 

(1) G. B. B. M. Sutherland, Infrared and Raman Spectra, Methuen, 

1935; Annual Reports, Chemical Society, London, P. 53, 1936 

(2) R. B. Barnes and L. G. Bonner, American Physics Teachers 4, 

181, (1936); Journal of Chemical Education 15, 25, (1938) 

(II) Experimental techniques and results in infrared investigations 

(1) F. I. G. Rawlins and A. M. Taylor, Infrared Analysis of Molecular 

Structure, Cambridge, 1929 
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(2) J. Lecomte, Le Spectre Infrarougue, Paris, 1928 

(3) Cl. Schaefer and F. Matossi, Das Ultrarote Spektrum, Springer, 
1930 

(4) O. Reinkober, Chapter in Eucken-Wolf’s Hand-u. Jahrbuch der 
chemischen Physik, Bd 9/II, 1934 

(5) H. M. Randall, Review of Modern Physics 10, 72, (1938), far 
infrared spectroscopy 

(III) Experimental techniques and results in Raman spectra 

(1) K. W. F. Kohlrausch, Der Smekal-Raman Effekt, Springer, 1931; 
Ergdnzungsband, 1938 

(2) R. W. Wood, Physical Optics', McMillan, 1934 edition 

(IV) Theory of vibrational spectra of polyatomic molecules 

(1) D. M. Dennison, Review of Modern Physics 3, 280, (1931) 

(2) E. Teller, Chapter in Eucken-Wolf’s Hand-u. Jahrbuch der 

chemischen Physik, Bd 9/II, 1934 

(3) G. Placzek, Chapter in Marx’s Handbuch der Radiologie, 2nd Ed., 
Bd 6/II, 1934 

(V) Discussions of Experimental Results on Vibrational Spectra 

(1) Kohlrausch, see III, (1) above 

(2) R. Mecke, Chapter in Eucken-Wolf’s Hand-u. Jahrbuch der 

chemischen Physik, Bd 9/II, 1934 

(3) H. A. Stuart, Molekulstruktur, Springer, 1934 

(4) H. Sponer, Molelciilspektrcn, Bd I & II, Springer, 1935 

(VI) Dipole Moments and Kerr Effect 

(1) H. A. Stuart, Ergebnisse der exakten Naturwissenschaften, 
Springer, 1931, (Kerr effect) 

(2) H. A. Stuart, Molekulstruktur, 1934, (Kerr effect and dipole 
moments) 

(3) P. Debye & H. Sack, Chapter in Marx’s Handbuch der Radiologie, 
Bd VI/2, 2nd. Ed. 1934, (theory and results on the electrical pro¬ 
perties of molecules) 

(4) P. Debye, Dipole Moments and Chemical Structure (Leipziger 
Vortrage, 1929) 

(VII) Electron Diffraction measurements 

(1) L. O. Brockway, Review of Modern Physics, 8, 231 (1936) 
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(2) Brockway and Taylor, Chapter in Annual Reports, Chemical 
Society, London, 1937 

(3) S. Glasstone, Annual Reports, Chemical Society, London, 1936 
(VIII) Electronic Structure and Chemical Valence 

(1) G. W. Penney, The Quantum Theory of Valence, Methuen, 1935 

(2) J. H. Van Vleck and A. Sherman, Review of Modern Physics, 
7, 167, (1935) 

(3) W. Heitler, Chapter in Marx’s Handbuch der Radiologie, Bd 
VI/2, 2nd Ed. 1934 



CHAPTER II 

VIBRATIONS OF MOLECULES: CLASSICAL THEORY 

§1. Normal Vibrations and Normal Frequencies 

The problem of the vibrations of the atoms in a molecule from 
their positions of equilibrium can be treated by the well known methods 
of classical mechanics. An infinitesimal displacement of the atoms from 
their equilibrium positions brings about restoring forces depending on 
their relative displacements. The equations of motion of the atoms can 
be solved if the forces are known functions of the relative coordinates 
of the atoms. When the amplitudes of motion of the atoms are very 
small compared with the normal interatomic distances, the solution of 
the equations of motion is particularly simple, as we shall see below. 1 

A molecule composed of N atoms possesses 3 N degrees of freedom, 
of which three are the translational motion of the molecule as a whole, 
and for non-linear molecules three are the rotational motion of the mole¬ 
cule. There are thus 3IV—6 degrees of freedom for the vibrations of the 
atoms in the molecule, for the description of which one needs 3N—6 co¬ 
ordinates. Let us denote the generalized coordinates specifying the re¬ 
lative positions of the atoms by Q u Q 2 ,....Q n where n—SN— 6, and let 
the values of these coordinates in the equilibrium configuration be Qi, 
Qa , .Qn so that 

Qi - Qi + Qu <■ = X, 2,.«. (1) 

The q’s are then the relative displacements from the equilibrium con¬ 
figuration. The kinetic energy of the vibrational motion of the system 
of atoms is in general of the form 

T = i 2 an qj (2) 

where the an ’s are functions of the masses of the atoms and the co¬ 
ordinates Qia. The potential energy of the system, on the assumption 
of infinitesmal displacements q’s, can be expanded in a series in terms 
of the q’s, 

1 For a treatment of the normal vibrations, see for example Webster, The 
Dynamics of Particles, and of Rigid, Elastic & Fluid Bodies; also Whittaker. Analy¬ 
tical Dynamics . 
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v (Qu . QJ - V(Ql,Ql -Q°J+X ( 

+ i B(w&Qi)o Qiqi+ * ‘ ‘ • (3) 

Since by hypothesis the configuration represented by Qi , Qi , . ... Qn 
is one of equilibrium, all the generalized force components vanish at 
Qi , Qi , ... Qn . On neglecting terms in (3) which are small quanti- 

9Q dQi / ^ 

one has 

V -V° = t'Zb< j q,q j (4) 

ij 

for the potential energy relative to the equilibrium configuration. 

The coefficients in the kinetic energy expression (2) can, on 
the assumption of small displacements q’s, be expanded about the equili¬ 
brium configuration 

<M&. Qr <w-«„ (Qi, % ea+f(-g£)„ «.+* 2 


Substituting into (2) and neglecting small quantities of order higher 
than the second, one obtains 

T = i 2 a° q t q 3 . (5) 

ij ** 

By its nature, the kinetic energy T must be a positive definite 
quadratic form, and since the equilibrium configuration must be a stable 
one for the molecule to be stable at all, the potential energy V—V° must 
also be a positive definite quadratic form. A theorem in algebra enables 
one to find one, and only one, linear transformation 

<?< = 2 Ctj Xi ( 6 ) 


such that by It the two quadratic forms for T and V—V° are brought 
simultaneously into the normal forms 

2r = 2i?. 2F-(7) 


where V has been written for V— V°. The Vs are the roots of the deter¬ 
minants! equation 


OllX — 611 OhX “ bit ••• OlnX— bi n 
C*n\\ bn\ «t«jl — b«r—ttn»\ — bm. 



( 8 ) 
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The coefficients eye in the transformation equations (6) are propor¬ 
tional to the values of the minors of the elements oyX—6y in the deter¬ 
minant (8) when X is given the value of the jth root, i.e., X=*X}. 

Application of the Lagrange equations to (7) gives n equations 
of the form 


X; + Xi Xi = 0, * — 1,2, ••••«., (9) 

which are the familiar equations of simple harmonic motions. Solution 
of (9) gives 

X { — A t cos (2 nvit — £<), (10) 

v< = 2 * i=zl > 2 > . n - 

As the X’s are the roots of (8), their values depend on the coefficients 
an and bn in the kinetic and the potential energy expressions. They 
may be all distinct, but there may also be double or triple roots. Thus 
in general, in a molecule consisting of N atoms, there are SN— 6 funda¬ 
mental frequencies, not all of which need be distinct but there may be 
double or triple frequencies. When a number of vibrations has the same 
frequency, the vibrations are said to be degenerate. We shall see later 
that the presence of degenerate vibrations is conditioned by the symme¬ 
try of the molecule alone, but is in general independent of the numerical 
values of the coefficients an and bn except for the case of accidental 
degeneracy (Chap. Ill, §4, B). 

Equations (6) show that in general during the vibrational motion 
of a molecule, each coordinate q is a linear combination of n simple har¬ 
monic vibrations X's ; and from the inverse transformation of (6), namely, 

= 2 dn q u (ID 

i 

it is seen that each normal vibration X involves the motion of all the 
atoms of the molecule. (In some cases certain coefficients cy and dn 
vanish as the result of some symmetry properties of the molecule and 
its vibrations. See (28) and also Chap. V, (47).) 

From equations (8), it follows that an a priori knowledge of the 
potential function would enable one to determine the frequencies of the 
normal vibrations. Conversely, from the experimentally observed fre¬ 
quencies, one can calculate a number of constants in the potential func¬ 
tion equal to the number of distinct frequencies of the molecule. When 
the number of unknown potential constants is less than the number of 
distinct frequencies, the extra relations from (8) may serve as a test for 
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the consistency of the calculation; while if the reverse is the case, an 
unique determination of the potential function is usually impossible. In 
such cases, recourse must be made to other methods such as the isotope 
effect (§7) and theoretical or empirical knowledge concerning the poten¬ 
tial function of the molecule. These will be discussed in Chap. V when 
dealing with the actual molecules. 

The above classical theory will not only enable one to determine 
the potential function from the frequencies or vice versa , but also give, 
through the transformation equations (6), the relative sense and mag¬ 
nitude of the displacements of the individual atoms in each normal vibra¬ 
tion, and hence the relative amounts of energy associated with each atom 
or group of atoms. In many cases a knowledge of the forms of vibra¬ 
tions corresponding to the observed frequencies is important for a clear 
understanding of the potential function of the molecule. We shall have 
occasion to discuss such cases in Chap. V. 

Finally, let us consider briefly the question concerning the choice 
of the coordinates in (1) for a given molecule. 2 The coordinates Q’s 
which are 3iV—6 in number are called the “internal” coordinates since 
in terms of them the translational and the rotational parts of the kinetic 
energy are separated from that of the vibrational motions. For a mole¬ 
cule possessing certain elements of symmetry, a particular choice of these 
coordinates can be made so that the determinantal equation (8) can be 
immediately factored, thus reducing the labor of the solution. The dis¬ 
advantage with the use of these internal coordinates is the difficulty of 
obtaining the kinetic energy (2) in terms of them except in the case of 
very simple systems. 

Another alternative choice of coordinates is the 3 N rectangular 
coordinates themselves. In terms of them, the kinetic energy can be 
immediately written down; but then the potential energy (let us say, of 
the valence force type, see §3) will in general take on a complicated form 
and the determinantal equation will contain 6 more rows and columns 
and 6 zero roots. A particular case of these “external” coordinates is 
the “external symmetry coordinates” which are linear combinations of 
the rectangular coordinates chosen on considerations of the symmetry 

2 For a discussion of the choice of the coordinates, see E. B. Wilson, Jr. & 
B. L. Crawford, Jour. Chem. Phys. 6, 223, (1938). External coordinates, O. Redlich 
& H. Tompa, Jour. Chem. Phys. 5, 529, (1937); Geometrical symmetry coordinates, 
J. E. Rosenthal & G. M. Murphy, Rev. Mod. Phys. 8, 317, (1936) ; Symmetry coordi¬ 
nates of E. B. Wilson, Jr., & J. B. Howard, Jour. Chem. Phys. 2, 63Q, (1934). 
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of the system in such a way that the determinantal equation (8) can 
be immediately factored. 

Wilson and Howard have employed the “symmetry coordinates” 
which have the following* properties: ( i ) In terms of them, the kinetic 
energy takes on the form (7), and hence they contain the masses of the 
atoms in the system, (it) they effect a factorization of the determinantal 
equation for molecules possessing symmetries. With these coordinates, 
the determinantal equation can be solved with ease; but the difficulty i 3 
shifted to obtaining the correct set of coordinates satisfying the above 
requirements. 

Fortunately, in the case of the molecules with which we are going 
to deal in Chap. V--molecules for which sufficient data are available for 
a discussion of the vibrational motions—, the question as to the choice 
of the coordinates is not a serious one since the molecules are after all 
still relatively simple systems. In Chap. V, we shall give the normal 
coordinate treatments for a number of molecular models. 

§2. Approximate Method 

The results of the last section are exact if the potential energy 
of a molecule for vibrations can be exactly described by a function which 
is quadratic in the coordinates. In an actual molecule, however, both 
theoretical considerations and empirical data show that a quadratic poten¬ 
tial can only be regarded as a first approximation to the actual potential. 
An attempt to employ a more complicated potential than the quadratic 
function is, however, not practicable not only because of the greater num¬ 
ber of unknown constants introduced into the potential function, but 
also because of the fact that it would no longer be possible to solve the 
equations of motion in such a simple manner by the use of the normal 
coordinates. This reduction of the problem of the vibrations of ^ mole¬ 
cule to that of the normal vibrations is not only desirable in the classical 
treatment, but is of importance in the quantum theory treatment in that 
the Schrbdinger equation of the system can be separated and solved 
exactly, thus providing an initial approximation upon which the pertur¬ 
bation method may be based. It will be seen in Chap. V that this method 
is satisfactory with almost all the molecules that Jiave been studied. 

With some molecules in which certain atoms are more strongly 
bound together than they are with other parts of the molecule, it is 
sometimes even justifiable to employ the following approximate method: 
Consider a molecule possessing n degrees of freedom for vibration and 
hence requiring n coordinates for the specification of the relative posi- 
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tions of the atoms. Suppose one knows already the frequency of vibra¬ 
tion when each of the relative coordinates, for example, the relative dis¬ 
placement between a pair of atoms, alone undergoes a simple harmonic 
vibration, the rest of the molecule being imagined non-existent. Let 

these n frequencies be v/, v 2 ', . v'„. These n frequencies are then the 

approximate frequencies of the molecule, and in this approximation the 
determinantal equation (8) consists simply of the elements 1—V along 
the diagonal, all the non-diagonal elements being zero. These approxi¬ 
mate frequencies of course differ from the actual frequencies of the 
molecule since we have completely neglected the effect of the mechanical 
coupling (given by the cross terms in the kinetic energy) and the electrical 
coupling (given by the cross terms in the coordinates in the potential 
energy) between the various parts of the molecule. To take these into 
account, we may introduce these as perturbations. The perturbation 
theory gives for the frequencies of the perturbed system the secular 
equation 1 


-X + X’i f 12 El3.Fin 

£21 — ^ + A/’i .£2n 


= 0 . 


( 12 ) 


£« 1 En2 X "4“ Vn 


It can be shown that, when the perturbing terms are small, the normal 
frequency v i is given by 

— X'< + 2 y 7^- pr.h, (18) 

where v'j is the ith frequency of the uncoupled system. Equation (13) 
states that each of the original frequencies, say v'<, is modified somewhat 
by the effect of the other vibrations v'j, v'j =/= v’< , depending on the co¬ 
efficient an which measures the coupling between the vibrations v'< and 
v'j. A useful relation among the frequencies v< is 

2 X, = 2 X\ (14) 

which follows from (13). A knowledge of the frequencies v' { and the 
coupling coefficients would thus enable one to obtain an approximate 
estimate of the normal frequencies vj. This method is useful in the case 
of such molecules as composed of well defined chemical bonds or radicals 


1 See cf. R. Mecke, Hand-u. Jahrbuch d. Chem. Phys. 9/11, P. 386; Zeits. f. 
Physik 103, 291, (1937). 
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for which the characteristic frequencies can be given the values known 
from other molecules containing them. Because of the approximate na¬ 
ture of the perturbation method and also because of the uncertainties in 
the values to be ascribed to the frequencies v'», the results so obtained 
can be expected to be only approximate and the treatment of the last 
section is to be preferred wherever it can be carried out. 

§3. Potential Functions 

In a diatomic molecule, the potential energy as a function of the 
internuclear distance can often be determined over a rather large range 
of distance from the data on its spectrum, and in a few particularly 
simple cases the potential energy can even be theortically calculated 
for a given electronic state of the molecule. In a polyatomic molecule, 
the complexity of the situation is such that a theoretical calculation of 
the potential energy is not yet feasible. On the assumption that the 
potential energy of vibration of a polyatomic molecule may be expanded 
into a series of terms each of which is a product of the coordinates, it 
is possible to determine the potential up to terms quadratic in the co¬ 
ordinates from the vibrational spectrum as is shown in §1. In a few 
cases for which there are sufficient appropriate data, it may even be 
possible to determine the potential up to terms that are cubic and quartic 
in the coordinates. In general, however, the quadratic potential already 
contains more unknown constants than can be determined from the vibra¬ 
tional spectrum. Hence for practical purposes, it is necessary to choose 
some simpler forms for the potential than would be required by the mo,st 
general considerations. 

The simplification of the potential function must in each case be 
guided by physical considerations or by empirical knowledge of the struc¬ 
ture of the molecule, and is necessarily not unique. The usefulness of 
a simplified potential must be tested by a comparison with the experi¬ 
mental data in each case. The most useful simplified potential function 
is the so-called valence force system introduced by Andrew and by 
Mecke. 1 In some cases the central force system introduced by Dennison 2 
is applicable. In still other cases, a potential which is the most general 
consistent with the symmetry of the molecule may be necessary. The dis¬ 
tinction among these various potentials can best be made clear by using 

1 R. Mecke, Leipziger Vortrager, (1931); Zeits. f. Phys. Chem. B, 16, 409, 
421; B 17, 1 (1932); D. H. Andrews, Phys. Rev. 36, 644, (1930). 

2 D. M. Dennison, Astrophys. Jour. 62, 84, (1925); Phil. Mag. 1, 195, (1926). 
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a triatomic molecule as an example. Further discussions of these poten 
tials will be given in Chap. V in connection with the individual molecules. 
A) Central Force Treatment 


Dennison introduced the central force system according to which 
each atom in a molecule when displaced from its position of equili¬ 
brium is subject to a restoring force which is central about the position 
of equilibrium. Consequently the potential energy depends only on the 
magnitudes of the relative displacements of the atoms but is independent 
of their directions. Thus for a molecule formed by three atoms m lf 
m 8 at distances ri 2 , ^ 23 , ^31 apart, the potential energy for small displace- 

ments is, on neglecting the cross terms in the 



relative displacements, 

V - i [fci (6r 12 ) 2 + k 2 (5r 23 ) 2 + k 3 (5r S i) 2 ] . (15) 

With this potential, the determinantal equa¬ 
tion ( 8 ) gives the following relations among 
the three roots X’s 1 


Xx -4- X 2 + X 3 — 
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For molecules of the type YXv represented by an isoceles triangle 
so that m.j—M, rn* 2 —m 3 ~m, kx — ks—k, k 2 — k\ a x ^a f equations (16) become 
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(17) 


The non-appearance of k', the force constant between the two similar 
atoms m, in the equation for Ks shows that up to this approximation the 


1 Radakovic, Wien. Ber. 139, 107, (1930). 
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vibration v» involves no relative displacement between the two m atoms. 
The forms of the three vibrations are shown in Fig. 2. 

Two particular cases of the YX 2 molecule are the following: 

(i) Linear and symmetrical YX 2 

On setting a «■ », equations (17) become 

Xi =^1+—, X 2 = Ot Xs - — • —. (18) 

m m m M 

The vanishing of the frequency v 2 arises from the fact that in the central 

force treatment, the relative displacements in the vibration v 2 are small 

quantities of a higher order than the second and hence the restoring force 

is zero in the approximation (15). The forms of the three vibrations 

are shown in Fig. 3. 

(ii) Equilateral triangle 

When the three atoms in the molecule are all identical and form 
an equilateral triangle, equations (17) become, on setting ki—k^—kz—k, 
«i “ a* “ a» ’=* 60 °, 

fc.sA, = a» 

The equality of the frequencies v* and v 8 illustrates the degeneracy of 
the normal vibrations due to the symmetryof the molecule. The vibration 
Vi consists of a symmetrical expansion and contraction of the triangle. 



Fig. 2. Vibration* of symmetrical YX^ molecule 


CV* ------ -o* 

K 


■T"? 


o—►—-——o-O— 

' * 

Fig. 3. Vibrations of linear symmetrical YX* molecule 
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B) Valence Force Treatment 

The basic idea of the valence force system is that in a molecule 
a relative displacement of two atoms along* the direction of their chemical 
valence brings about a restoring force w> *ch is much greater than that 
brought about by changes in the angles between valence bonds. Thus in 
a triatomic molecule in which the chemical bonds are between and m 2 , 
and between % and m 3 , the potential energy is, again on neglecting the 
cross terms, 

V = i Iki (5r 12 ) 2 + k 2 (5raa) 2 + Ms5a) 2 ] , (20) 


where a is the angle between the directions of the two valence bonds, 
and s is a quantity having the dimension of length. The validity of 
the assumption above that the “deformation” force constant ka is small 
compared with the valence force constants k t and k* 2 depends on the small¬ 
ness of the interaction between and m 3 compared with those between 
m 2 and m 3 , That this assumption is justified in the case of many 

molecules will be seen in Chap. V. 

The most extensive study of the normal vibrations of molecules 
by the valence force treatment is made by Lechner 1 . For the triatomic 
system, he obtained the following relations among the fundamental fre¬ 
quencies Vi, v 2 > vs. 
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( 21 ) 
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Three special cases of the triatomic system are the following: 

(i) Symmetrical triangular YX 2 

On setting m^—M, k^ — k^-k, r 12 =r 2g =s=r, equations 

(21) reduce to 


l p, Lechner, unpublished Graz Dissertation; Wien. Ber. 141, 291, 633, (1932) 1 
Monatsh. f. Chem. 61, 386, (1932). 
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where 

1 = 1 + 1 

[i M m ‘ 

(ii) Non-symmetrical linear XYZ 

On setting: a = ft, equations (21) reduce to 
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Equations (22) become, when a — ?t, 

k 

m ’ 


*x 


(23) 


^- 2 X„(i+- 2 ). 

< 24 > 

The forms of the vibrations of the symmetrical triangular YX 2 are those 
shown in Fig. 2. That the frequency v 8 in (22) is independent of ka 
means that the vibration v 3 does not involve a change in the angle a 
in this approximation. The forms of the vibrations of the linear symme¬ 
trical YX 2 are given in Fig. 3. Equations (24) show that the vibration 
vi consists of a symmetrical vibration of the two X atoms, the frequency 
being the same as if one X atom were vibrating against the Y atom whose 
mass is infinite. The vibration v 8 consists of the vibration of the Y 
atom against the two X atoms as a rigid group. The vibration v 2 consists 
of the vibration of the Y atom perpendicular to the axis of the molecule, 
or, in the approximation here, a bending of the molecule. In the case 
of the non-symmetrical linear XYZ molecule, equations (23) show that 
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the vibrations vi and v 8 involve motions of the three atoms along the 
axis, while v 2 is again a bending of the molecule (Fig. 9). 

Further examples of the valence force treatment will be found in 
Chap. V. This method has the advantages (i) that the potential func¬ 
tion usually contains a relatively small number of constants which can be 
determined from the observed frequencies, and (ii) that the potential so 
defined can be given a definite physical meaning. There are cases, how¬ 
ever, in which the over-simplified valence force potential leads to poor 
results when compared with the empirical data. In such cases, it is 
necessary to introduce certain cross terms in the displacements, or start 
with a more general potential function containing no simplifying assump¬ 
tions other than what is required by the geometrical symmetry of the 
molecule, as w r e shall presently see in the next section. 

C) General Force Field Treatment 

Here one works with the most general quadratic potential which 
is consistent with the symmetry of the molecule. Such a potential in 
general contains a larger number of constants than the number of distinct 
fundamental frequencies and is hence limited in its usefulness except in 
a few simple cases when the molecule possesses very high symmetry or 
shows isotope effect. In the following, we shall only consider the sym¬ 
metrical YX 2 molecule. 

For defining the relative positions of the atoms in the YX 2 mole¬ 
cule, let us choose the following coordinates: q is the relative displace¬ 
ment of the two X atoms along the line X- 
X; y is the relative displacement of Y from 
the center of gravity of the X atoms, in the 
direction of the axis of symmetry; and x is 
the relative displacement of Y from the c. 
g. of the X atoms in directions perpendi¬ 
cular to the symmetry axis and in the plane 
of the molecule. In these coordinates the 
kinetic energy of vibration is Fig. 4 

2 T - i m ^ C ot 2 a ) x*+ 2 , (25) 

where S—M+2m. The most general quadratic potential consistent with 
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the symmetry of the molecule, namely, V must be an even function in 
the coordinate x, is 

2V ** Aq 2 + B& + Cy* + 2Dqy. (26) 

The determinantal equation gives two vibrations vi and v 2 which are 
symmetrical with respect to the symmetry axis and one vibration v 8 which 
is antisymmetrical, 

l ' +l -“«( 2A+ 2}) C ) ’ 

“ 'rtjip (AC — D 3 ), 

2mp (1 + p cot 2 a) 9 

where p=M/(M-f£m). The exact forms of these vibrations can be 
obtained from the transformation equations between the coordinates q, 
x , y and the normal coordinates X u X 2 , X z . By means of (27), these 
equations can be shown to be 

q = Cn X\ + C12 X 2 , 
y = C21 Xi + c 2 2 X 2 , 

x =» C 83 Xd» (28) 

Frorri these equations it is seen that the forms of vibrations are those 
shown in Fig. 2. Since there are now four constants A, B, C, D and 
only three frequencies, additional information's necessary for their deter¬ 
mination (see §7 on isotope effects). 

For the linear symmetrical YX 2 molecule, equations (27) reduce, 
on setting a and D~ O, 

fa ** 2 A/m, fa =* C/2pm, fa =» B/2pm. (27a 

The connection between the constants A, B, C , D defined in (25) 
and the constants in a potential including both central and valence forces, 
namely, 

2V « fciKSri)* + (br 2 n + k 2 (5r 8 ) 2 4- ka{rba)\ (29) 

where 5n, br2, 5r* are the changes in the Y-X, Y-X, X-X bond dis¬ 
tances respectively, and r the normal X-Y bond distance, is given by the 
following relations 1 „ 

1 A general force treatment of the YX 2 molecule has been given by Salant and 
Rosenthal, Phys. Rev. 42, 813, (1932), but the results for the antisymmetrical vibra¬ 
tion V 3 obtained there and the expressions for the isotope shifts of V 3 are in error 
through a mistake in the expression for the coordinate x and hence for the constant B. 
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hi =» \ B c&cPaV, 

k 2 - A- iB esc 2 a (1 - cot 2 a) P -\C cot 2 a, 
ha «■ [C —• B cot 2 a PJ csc 2 a, 

D - \ cota CB csc 2 a P - C), (SO) 

where 

P => (1 + p cotfa) -2 . 

From tnese, the results of the valence force treatment (22) can be obtained 
by setting h 2 =0, and those of the central force treatment (17) can be 
obtained by setting ka=0. 

It should perhaps be emphasized that while different potential 
functions naturally lead to different numerical results for a given mole¬ 
cule, certain features such as the general forms and the degeneracy of 
the normal vibrations depend only on the symmetry properties of the 
molecule and are entirely independent of the particular choice of the 
form and the numerical constants of the potential function. For this 
reason, it is possible to determine these general features for a molecule 
by considering some extreme form of the potential function, for example, 
the valence force potential. What is obtained concerning the symmetry 
properties of the normal vibrations of a molecule in the valence treatment 
also holds for the central force treatment, and vice versa. Although the 
actual relative displacements depend on the masses of the atoms and the 
potential function employed, such qualitative considerations are very use¬ 
ful and form the starting point on which to base a quantitative study 
of the vibrational spectra of the molecule. 

§4. Infrared Absorption Spectra 

We shall now investigate the spectrum of a molecule on the basis 
of the classical theory. According to it, a system (be it an atom or a 
molecule) is capable of absorbing energy from an incident beam of radia¬ 
tion if the time rate of change of the electric moment of the system does 
not vanish. Since the distribution of the electric charges in a molecule 
is a function of the relative coordinates of all the particles (electrons 
and atomic nuclei), the electric moment will change in general during 
the vibrations of the molecule. Also the rotation of a molecule in general 
causes a change in the components of the electric moment along fixed 
directions in space. There is hence a possibility for the absorption of 
radiation by a vibrating and rotating molecule. 
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Consider first a molecule which is not rotating. Its electric mo¬ 
ment 3B can be resolved into three components along three mutually per¬ 
pendicular directions fixed in the molecule (and hence fixed in space also 
in this case). Each component, say 3JZg, is a function of the normal co¬ 
ordinates defining the relative positions of the atomic nuclei. For small 
vibrations, we may expand 3in terms of the normal coordinates about 
the position of equilibrium 

2»g =SK; +2 ( +., (31) 

5 \ dXi 'o 

where 3Jl| is the ^-component of the permanent electric moment, i.e., 
the value of 351 g in the position of equilibrium. Since 3W| is constant 
with respect to time, it plays no part in the absorption and emission of 
radiation. Since by equation (10), Xi == cos (2 jc v* t — e*), 3B^ con¬ 
tains the periodic terms with the frequencies v lf v 2 >.v n of the normal 

vibrations of the molecule. Hence in a first approximation in which only 
the linear terms in the normal coordinates are considered in the above 
expansion (i.e., when only the so-called dipole radiation is considered), 

the molecule can only absorb radiations of frequencies v 2 .v n . It 

does not follow, however, that all the normal vibrations are active in 
absorption. If for a vibration v* all the coefficients () , £ = g, 

vanish, then the frequency v { will not appear in the spectrum. The 
question as to whether a particular vibration is active must be answered 
by a close examination of the symmetry properties of the molecule and 
the vibration vj. We shall come back to this in §6, and also in Chap. V 
when dealing with the individual molecules. 

Next let us consider a molecule which is vibrating and rotating 
at the same time. Let the orientation of the molecule be defined by 
means of the direction cosines of a set of axes rj, £ fixed in the 
molecule with respect to another set x, y, z fixed in space. The component 
of the electric moment along a fixed direction, say the a?-axis, is given by 

cos + Sin cos x\x + cos %x, (32) 

in which SDJg, 2)1^, 2Jig are given by expressions of the form (31). 
Hence one has 

SR* =2 3JT cos g* + 2 A { cos cos (! 2nv { t — e<), (32a) 

in which the summation £ is over £=£, r\, £. Since the angles Tfr, rp, - 
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etc. are periodic in time if the rotation of the molecule is uniform, one 

may write cos 5# « cos2jt v^ m t, etc., where is a frequency. On sub¬ 
stituting such expressions into (32a), it is seen that in general 2»®, 3K V , 
SJlj contain periodically varying terms with the frequencies v^ m n> v* 

5 858 <r l> where x~x, y f z. The absorption frequencies v** 
form the the pure rotational spectrum. For this not to vanish, the com¬ 
ponents of the permanent electric moment must not all vanish. The fre¬ 
quencies Vi, v» ± Vg® form the so-called vibration-rotational spectrum. 
For the particular vibration-rotational band with frequencies Vi, n ± 

not to vanish, the coefficients ( ^ ) ,,(-|^) must not all 

vanish, i.e-, the vibration must involve a change of the electric moment 
of the molecule. 


To make the situation clearer, let us suppose the molecule to be 
a symmetrical top possessing a symmetry axis £ and two equal moments 
of inertia about two perpendicular axes normal to the £ axis. Imagine 
at a certain instant the £-axis coincides with the space z-axis, and con¬ 
sider a vibration v< which is accompanied by a change of the electric 


moment along the symmetry axis alone, i.e., (^^) =/=Oanri 
(®)-0. We shall called such a vibration a “parallel” vibration. 


Now in the rotation of the molecule about the symmetry axis, the com¬ 
ponents of the electric moment are evidently 


3)1,, = 3R„ = 0, 3H, = Ai cos (2 n v< 1 - ej. (33) 

Hence the absorption spectrum contains only the frequency V{. If the 
molecule rotates uniformly about an axis perpendicular to the symmetry 
axis with a frequency v r , then 


COM2* «*-«>] sin*.v,< 

= [SW’ + A ( (^- ) o cos (2n v, t - e*) jcos 2 n\ r t, (34 ) 

in which q> is the angle between the axis of rotation and the x-axis. It 
is seen that now the spectrum contains the frequencies v r , v< * v T - The 
frequencies v/s give the pure rotational spectrum, while the frequencies 
vtdzvr form the vibration-rotational band. On combining this with (38), 
one finds that the band contains the frequencies vt and w ± v,. 
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If in the vibration v» the direction of the change of the electric 
moment is perpendicular to the symmetry axis, say along the £-axis, then 

(Hrf-).*- 0 ' (S’)■(“»). -°- We 8ha11 8UCh 8 vibra - 

tion a “perpendicular” vibration. In rotations about the symmetry axis, 
one has 

_ cm* \ „„ „ J. f cos 2«v, t 

3»;l = A ‘( 1 ^-X c0s2,lv * t, {sin2«v r f 

If the molecule rotates about the 5-axis, one obtains 


(35) 


2K, 


cos 2tcv t t. 



(36) 


(37) 


sin 2nv r t + .^cos 2nv<f j 

while for rotations about the tj-axis, 

sfaJI^sin 2 nvft + Ai cos 2rtv, t»cos 2nv { , 

v ' f° J (sin r\y 

®l# = SDl^cos 2j*v r t + sin 2itv r f • cos 2«v 4 1. 

* v 9-X^ /*> 

It is seen that the spectrum now consists of a pure rotational spectrum 
with the frequencies v r ’s, and a vibration-rotational band with the fre¬ 
quencies v< and Vi ± v r . 

In the classical theory, the molecules can rotate with all frequencies 
continuously distributed according to the Maxwell-Boltzmann law. The 
general appearance of a vibration-rotational band is hence something 
like that shown in Fig. 5. The frequencies v< — v r , v<, w + v r are called 
the P, Q, R branches of the band respectively. The continuous distribu¬ 
tion of the rotational fre¬ 
quencies according to this 
classical theory is in com¬ 
plete disagreement with 
the experimental results 
which show that the var¬ 
ious branches contain a 
number of discrete lines. 
The explanation is furnish¬ 
ed by the quantum theory, 



’**• fc Contour of vibration-rotational bands of 
linear molecules 
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as shown in Chap. IV. We shall now consider two special cases of the 
symmetrical top. 

(i) A linear molecule containing more than two atoms. 

In this case, the molecule can only rotate about axes normal to 
the line of atoms and the rotation about the line of atoms is not excited 
at ordinary temperatures. 1 Hence in a parallel vibration, only the fre¬ 
quencies Vi =fc but not vv, will appear in the spectrum and hence the 
Q branch is absent. In a perpendicular vibration, however, all the P, 
Q, R branches are present. 

(it) A diatomic molecule. 

In this case it is not possible for the electric moment to be per¬ 
pendicular to the axis of the molecule. Hence there is only the parallel 
type band. The Q branch is again absent for the same reason as given 
in ( i ). 

It appears from the above discussion that in the spectrum of a 
molecule, only the fundamental frequencies of the normal vibrations may 
appear. By taking into consideration the fact that the vibrations are 
not exactly simple harmonic, it is possible to allow for the presence of 
harmonic bands. For example, the coordinate X should be expressed in 
general in a Fourier series 

Xi ■» E Aim* cos (2it t — Sim). (38) 

m 

Substitution of this into (31) shows that the spectrum may also contain 
the frequencies 2w» 3v<,.... etc. Whether any particular harmonic n w 
appears or not depends on the vanishing or non-vanishing of the corres¬ 
ponding coefficient Ai n . It will be shown in §6 that while the numerical 
values of these coefficients cannot be determined without a detailed know¬ 
ledge of the structure of the molecule, the vanishing or non-vanishing 
of them can be determined from a consideration of the symmetry pro¬ 
perties of the molecule and the normal vibrations alone. We shall return 
to this question in §6. 

§5. Raman, Effect 

The theory of Rayleigh scattering, namely, the scattering of radia¬ 
tion of the same frequency as that of the incident radiation by molecules, 

1 The explanation of the non-excitation of the rotation about the line of atoms 
is furnished by the quantum theory. According, to it, the energy quantum of rotation 
is h? /8it 2 /, where I is the moment of inertia about the axis of rotation. For the 
rotation about the line of centers, 1 is so small that the energy quantum h*/8x*f is 
very large compared with kT at ordinary temperatures. 
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is well known. In brief, it is as follows: The atom or molecule is 
polarized under the action of the electric field of the incident radiation 
and an electric moment is induced in the atom or molecule, which has 
the same frequency v 0 as the incident radiation. This induced electric 
moment varying with the frequency v Q radiates energy in the form of 
radiation of frequency v D according to the laws of electrodynamics. The 
intensities of the “scattered” radiations in different directions relative to 
those of the electric field of the incident radiation are determined by the 
values of the components of the induced electric moment in different 
directions. 

The discovery of the Raman effect consists in the observation that 
in addition to the frequency v Q , the scattered radiations contain other 
frequencies whose differences with v G correspond to the vibrational and 
the rotational frequencies of the scattering molecules 1 . In this section, 
we shall give a discussion of the Raman effect on the basis of the classical 
theory. The modifications introduced by the quantum theory will be given 
in Chap. III. A thorough discussion of this subject can be found in the 
works of Placzek 2 , Stuart 3 and of Teller 4 , and to these the reader must be 
referred for details. 

Consider a molecule in general. When an electric field of intensity 
£ is applied in different directions in turn, the induced electric moment 
is in general different because of the difference in the ease with which 
the molecule is polarized in different directions. The polarizability 
which connects the induced electric moment 2ft and the inducing electric 
field £ by the definitional equation 

2» - a 6 (39) 

is in general a tensor having the components a«„, ayy, a «*, eta** a y *, a*«> 
and can be represented by an ellipsoid. The above equation is equivalent 
to the following set of equations 

1 C. V. Raman, Ind. Jour. Phys. 2, 387, (1928); For discussions of the experi¬ 
mental methods and results, see Kohlrausch, Der Smekal-Raman Effekt , (1931), and 
Erganzungsband, ( 1938). 

2 g. Placzek, Leipziger Vortrager, (1931); chapter in Marx: Handbuch der 
Radiologie , Band VI/2, (1934). 

8 H. A. Stuart, Molekiilstruktur , (1934). 

4 E. Teller, chapter in Eucken-Wolf: Hand-uvd Jahrbuch der chemischen Physik , 
Band 9/II, (1934). 
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3R e - a l% £| + a ?T) 5t) + a |t 6% , 

m n " M £5 + «rm £n + a „t; £; > 

% - «« + % £n + a K £5 • (39a) 

If in the molecule a set of axes 2=, r\ f £ which are the principal axes 
of the ellipsoid a be chosen as t he coordinate axes, then the components 
a £n> a n£» vanish. These principal axes are in general the same as 

the principal axes of moment of inertia of the molecule, except in the 
case of molecules in which one or more of a number of identical atoms is 
replaced by its isotopes. 5 

Consider a molecule at rest, whose principal values of the polari¬ 
zability are a nT) , and let a beam of linearly polarized radiation 
fall on the molecule along the £-axis, with the electric vector £ making 
an angle {f with the g-axis. The components of the induced electric mo¬ 
ment are, according to (39a), 

a»5 « g cos sin d, 2ft^ - 0. (40) 

The direction of the induced electric moment therefore makes an angle 
tarr 1 ( a^ c^y) with 5-axis- Hence unless a^s=a nT] , the directions 
of 2ft and £ are different in general. As a result of this, the scattered 
radiation is no longer polarized in the plane making the angle # with the 
£—1; plane as the incident radiation. The ratio of the intensity of the 
scattered radiation polarized in directions perpendicular to this plane to 
the intensity of the radiation polarized in this plane is seen to be 

_ I a ES ~ « n »i I 2 sin2 9 cos 2 G 0 
Q | « S | cos 2 d + a n „ sin- 9 I 2 • 14 ' 

This ratio is defined as the degree of depolarization and it is seen that 
p = 0 if 5=5 > that is, the scattered radiation will be polarized if 

the molecule is isotropic about the £-axis. Similarly, it can be shown 
that unless a is a sphere, i.e., « a m = the scattered radiation is 

5 The polarizability is essentially determined by the electronic structure of 
the molecule and is hence not effected by an isotope replacement. The moments of 
inertia, on the other hand, will be changed since they depend on the masses of the 
atoms. 

6 When one is dealing not with one single molecule but with a large number of 
molecules oriented in different directions at random, it is necessary to average the 
intensities of the scattered radiations over all possible directions of the molecule 
relative to the direction of the inducing electric field g. The above discussion is used 
only in order to simplify the situation. 
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in general partially depolarized, in the sense that the electric intensity 
of the radiation scattered from an incident beam of polarized radiation 
has a different direction than that of the incident radiation. The fre¬ 
quency of the scattered radiations is, as long as the molecule is fixed, the 
same as that of the incident beam, as can be seen by putting 
£ — £ a sin 2*v 0 1. in (40). This accounts for the Rayleigh scattering. 


Let us next suppose the molecule to be rotating uniformly with 
the frequency v r about the £-axis which is taken as the z-axis of a 

system of axes x, y, z fixed in space. Let the 
electric field £ <=£ 0 sin 2rtv 0 1 of the incident radia¬ 
tion be along the x-axis. The components of the 
induced electric moment along the x and the y axes 
are (Fig. 6), 



Fig. 6 


Since 


SDl, =» 9W| cos 2rt v r £ — sin 2 n yj, 
2 =* sin 2rt\j.t + 2JI,, cos 2rtv,t. 


— ogg £ cos 2n v,t, ■» — a nl) £ sin 2 \nv r t, 


(42) 


(43) 


one obtains 


“ + £ o C ( a |5 + q nT) ) + ( a ££ — a nT1 ) cos 2* (2v r ) tjsin 2rtv c t, 

** i £ o ( a g| — a nT1 ) sin 2a (2 y r )t • sin 2nvJ. (42a) 

From these expressions, it is seen that 9 Jl y and hence the scattered 

radiations have the frequencies v 0 and v 0 as 2v r . The former is the 
Rayleigh scattering, while the latter with the frequencies v 0 ± 2v, are 
the pure rotational Raman lines. These rotational Raman effect is pre¬ 
sent only when the molecule is not isotropic about the £ -axis, i.e., when 
=# ctr)T)' This is already clear from (41), since if the polarizability 
ellipsoid is one of revolution about the £-axis, the direction of the induced 
electric moment will always coincide with that of the inducing field £ 
and the rotation of the molecule about the £-axis cannot affect the direc¬ 
tion of the induced electric moment. (When one considers the rotation 
of the molecule about any arbitrary axis instead of the t-axis, then the 
condition for the rotational Raman effect to be absent is that the polari¬ 
zability ellipsoid is a sphere). 
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It is also seen from (42a) that the rotation introduces the fre¬ 
quency 2v, instead of vy. as in the vibration-rotational band in the absorp¬ 
tion spectrum (§4). This is due to the fact that the polarizability ellip¬ 
soid and hence the induced electric moment resume their original values 
upon a rotation through n, and in 2«, the polarizability completes two 
cycles. Here one is dealing with a tensor, while in absoiption one is 
dealing with a vector. 

From this simple example, it follows that the rotational Raman 
lines are completely depolarized, since the intensities of the x and the 
y components are the same. Since the rotational frequency of the mole¬ 
cule can take on all values according to the classical theory, the rotational 
Raman spectrum consists of two branches on both sides of the Rayleigh 
line v 0 . The high frequency branch is called the 5 branch and the low 
frequency branch the O branch. The general appearance will be some¬ 
what like that shown in Fig. 5. 

For the vibrational Raman effect, we shall again assume that the 
polarizability a, which is a function of the relative coordinates defining 
the positions of the atoms, can be expanded about the position of equili¬ 
brium in terms of the normal coordinates; i.&., for each component cu# 
we have an expansion of the form 

+ . < 44> 

in which ( a g|)° is the 5|-component of the polarizability of the molecule 

in the position of equilibrium, and ( * s ^he oh&nge in the 

55 -component due to the normal vibration vs- Suppose first the molecule 
is not rotating. Substitution of this and similar expressions into (39a) 
gives 



in which j is summed over /=5» £• On putting £■=£„ sin 2«v 0 t, 

it is seen that 2Jig, 2)1,,, 2depend on time through terms containing 
the factors cos 2jcv q t, cos 2« (v Q db vi)t and sin 2 n (v 0 =fc w) t. Thus in 
the approximation in which only terms linear in the coordinates Xi are 
considered, and the J-Ts are supposed to be simple harmonic, the scattered 
radiations have the frequencies v 0 and v 0 ± w, where i=l, 2 .... .n. (see 
below). The frequency v Q is once more the frequency of the Rayleigh 
scattering; the v Q ± v< are the vibrational Raman lines. The high fre- 
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quency v 0 + v< is called the anti-Stokes line, and the low frequency v 0 — v» 
the Stokes line. 

Finally let us consider the simultaneous vibration and rotation of 
a molecule. For this purpose, we have to consider the components of 
the induced electric moment along the space axes x, y, z. On substituting 
(45) into (32), one obtains 

W. - 2 fs £ } (“?/ ]cos %x + sf 2 2 £ } ( ) X^lcos %x, (46) 

| J i j ' '° J 

in which £ is summed over £, t|, €. Similar expressions hold for 9W y 
and 2W,. As an illustration of the result represented by (46), let us 
return to the simple situation in Fig. 6. Suppose the vibration n to be 
such that 



and all the other coefficients vanish. In this case, one obtains 
4 £ o {(«§i + a nT) ) sin 2 nv a t + (a^ — a nn ) (sin 2* (v a + 2v r ) t 

+ sin 2 it (v 0 — 2v r ) t) j 

+ -4 + a 'W C sin ( v ° + t + sin 2* (v„ - V() t) 

+ (a'|^ — a' nT1 ) [cos 2n (v Q + v< + 2v r ) t — cos 2it (v Q — v,- 4- 2v r ) t 

+ cos 2n (v„ + v< — 2v r ) t — cos 2rt (v 0 — v< — 2v r ) t] j , 

%n„ = £0 | («|| — a nri ) [cos 2n (v 0 -1- 2v r ) t — cos 2 ji (v 0 — 2v r ) t] j 

+ ^ Aj £ o | (a'|| — a'^) [ cos 2n (v 0 + v { + 2v r ) t — cos 2 n (v 0 — v { + 2 v r )$ 

-I- cos 2 n (v 0 4- v,- — 2v r ) t — cos 2it (v 0 — v< — 2v r )t] |. (47) 

The terms in £ 0 give the Rayleigh scattering and the pure rotational 

Raman scattering v Q ± 2v, as in (42a). The terms in Ai £ 0 give the 

frequencies v Q ±v<, v 0 rfc v; ± 2v r . The frequencies v 0 — v< and v 0 + vi 
are those of the Stokes and anti-Stokes vibrational Raman lines. The 
frequencies v 0 ± v< =t 2v, give rise to the rotational “wings” on the two 
sides of each of the lines v 0 =fc w. It is seen from these expressions that 
the rotational lines v 0 ± v% ± 2v r are completely depolarized, since the 
intensities of the x and the y components are equal. It is also seen that 
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these lines will vanish if a'^ « i.e., if the change of the polarizability 

is isotropic about the £-axis. The intensities of the vibrational Raman 
lines.v 0 v< depenl, however, on a'gg 4. a'^r, and hence will not vanish 
unless either a'gg « a'rn = 0, or = — a'^. If in the vibration v* all 
the components of the change of the polarizability vanish, namely, a'^fc =» 
a'rjr, « = a^rj *= a'r^ =a r ^=0, then the vibrational and also the vibra¬ 

tion-rotational Raman lines will not appear in the Raman spectrum. 

The question as to whether any particular vibration will appear 
in the Raman spectrum, and if so, what is the polarization character of 
the scattered radiation, must be answered by a close examination of the 
coefficients* a' w a'^, a'^, a'^ . In general the vanishing 

or non-vanishing of these coefficients can be determined from a study of 
the symmetry properties of the molecule and of its vibrations. We shall 
discuss this in the following section. 

The above classical theory is satisfactory in accounting for the 
various frequency shifts in the Raman spectrum. There is one serious 
difficulty, however, when one considers the intensities of the Raman lines. 
According to the theory, the amplitudes of the electric moments with the 
frequencies v Q 4 - Vi and v 0 — v» are the same, and hence the intensities 
of the Stokes and the anti-Stokes lines should be the same. Experi¬ 
mentally it is found that in all cases the Stokes line v Q — v» is by far 
very much more intense than the anti-Stokes line v Q 4- v* . In fact, the 
latter is observed only in the case of low values of the vibrational fre¬ 
quency w (below ~ 500 cm"" 1 ) and then only with low intensities. This 
great difference between the Stokes and the anti-Stokes lines cannot be 
understood on the classical theory, but is readily explained in the quantum 
theory. We shall come back to this question in Chap. Ill, §2, B. 

§6. Symmetry Properties of Vibrations and Selection Rules 

It is shown in §1 that the normal vibrations of a molecule are 
given by the determinantal equation (8) in general. It can be shown that 
in molecules possessing certain elements of symmetry, the determinant 
in (8) can be reduced into one which consists of a number of sub-deter¬ 
minants along the principal diagonal, all elements outside these sub-deter¬ 
minants being zero. The possibility of such a reduction depends only on 
the symmetry properties of the molecule (that is, the symmetry in the 
geometry and the masses of the atoms and the potential function), but 
is independent of the particular choice of the form of the potential func¬ 
tion or the numerical value of the constants in the potential function. 
Consider for example the symmetrical YX 2 inolecule. It is seen from 
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equations (17), (22) and (27) that in all the central force, valence force 
and the general force field treatments, the determinant is reducible to 
one linear and quadratic factor. The element of symmetry is in this case 
the axis bisecting the apex angle of the isoceles triangle. The quadratic 
factor gives two vibrations which are symmetrical with respect to this 
axis, while the linear factor gives one vibration which is antisymmetrical 
with respect to this axis. It will be seen in Chap. V that irrespective of 
the force system employed, the determinantal equation for a symmetrical 
pyramidal YX S molecule is reducible to three quadratic factors two of 
which are identical. The single quadratic factor gives two vibrations 
that are symmetrical with respect to the axis of the pyraiqjd; the re- 
peated quadratic factors give a pair of doubly degenerate vibrations. 

In the case of most of the simpler molecular models, it is usually 
an easy matter to determine, without actually solving the determinantal 
equation, the number of normal vibrations having a given symmetry pro¬ 
perty. It is simply the number of independent, subject to the prescribed 
symmetry, coordinates necessary for completely defining the relative posi¬ 
tions of the atoms. Thus for the symmetrical YX 2 molecule, the number 
of these coordinates for the symmetrical (with respect to the axis of 
symmetry) vibrations is two, for example, the Y-X bond distance, which 
is the same for the two bonds, and the angle between the two bonds. The 
number of coordinates for the antisymmetrical vibrations is one, namely, 
either one bond distance (the other is fixed by the requirement that 
87 *! =— 8 r 2 ), or the displacement x defined in Fig. 4 and equation (26). 
Hence there are two symmetrical vibrations and one antisymmetrical 
vibration. 


As another example, let us take a molecule of the ethylene type 
Y 2 X 4 and choose a coordinate system with its origin at the center of 
gravity of the molecule, the z-axis being along the Y-Y bond and the 

x-axis in the plane of the molecule (Fig. 7). 
Let us inquire about the number of vibrations 
that are (i) symmetrical with respect to all the 
three coordinate planes, and (it) symmetrical 
with respect to the y-z and z-x planes but anti¬ 
symmetrical with respect to the x-y plane. For 
(i), three coordinates are necessary, for example, 
the Y-X bond distance (which is the same for 
all the four bonds), the angle between two adjacent Y-X bonds, and the 
Y-Y bond distance. For (it), the first two of these are sufficient since 
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the Y-Y distance remains unchanged in the antisymmetrical vibration. 
Hence there are three totally symmetrical vibrations and two that are 
antisymmetrical with respect to the plane perpendicular to the Y-Y axis. 
The forms of these and the other normal vibrations of the Y L »X 4 molecule 
are given in Fig. 35 in Chap. V. 

While it is always possible to determine the number of vibrations 
of various symmetry properties either by the above argument or by 
actually solving the determinantal equation, the latter procedure entails 
lengthy calculations in the case of the more complicated molecules. In 
such cases, the elegant method of the group theory can be applied . 1 
According to the group theory, the problem of finding the number of 
vibrations of different symmetry properties is reduced to that of finding 
the number of times the various irreducible representations appear in 
the group of all the symmetry operations. Considerations of the sym¬ 
metry properties of the molecule alone enable a determination to be made 
of the number of vibrations of various symmetry properties. An account 
of the application of the group theory to the problem of molecular vibra¬ 
tions has been given by Rosenthal and Murphy 2 , and the results for a 
number of molecular models have been tabulated by them and by Placzek 3 , 
and Wilson 4 . The reader must be referred to these and other papers for 
an exposition of this powerful method. Here we shall be contented with 
the results that are obtained by means of the group theory. 


We shall now consider the relations between the symmetry pro¬ 
perties of the vibrations of a molecule and the selection rules in the 
absorption and the Raman spectra. Consider first the absorption spectrum 
of a molecule. It has been shown in §4 that the vibration v* is active 

in absorption or emission only if the coefficients ) , 5 = rp £ 


do not all vanish. If in the vibration v* the molecule remains symme¬ 
trical with respect to the y-z plane, it follows that the x- component of 


the change of the electric moment is zero, i-e., 



If 



and also 



then the radiation emitted or absorbed 


will be polarized in the y-z plane. If in the vibration v< the molecule 


1 E. Wigner, Gvtt. Nach. P. 133, (1930). 

2 J. E. Rosenthal and G. M. Murphy, Rev. Mod. Phys. 8, 317, (1936). 
* G. Placzek, Handbuch Ur Radiologic, B<L 6/H, (1934). 

4 E. B. Wilson, jr. Jour. Chem. Phys. 2, 432, (1934). 
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remains symmetrical with respect to the y-z and the z-x planes, then 

(dX*) =a ( ) “0. If ^ ) does not vanish, the radiation 

emitted or absorbed will be linearly polarized, the electric intensity being 
along the z-axis. 6 If in the vibration v, the molecule remains symmetrical 
with respect to all the three coordinate planes or to its center of symmetry, 

then ( ) ~ (dX* ) anc * com P° nen t s of the electric 

moment with the frequency v< vanish and the vibration is inactive. Thus 
an examination of the symmetry properties of the normal vibrations will 
enable one to determine the optical activities and also the polarization 
state of the radiation emitted or absorbed. 

As an illustration, let us take the linear symmetrical YX 2 molecule 
(Fig. 3 ), and for the three normal vibrations we shall choose the follow¬ 
ing coordinates which are proportional to the normal coordinates: the 
vibration Vi is described by. the relative displacement q of the two X 
atoms; v 2 is described by the displacement r of the Y atom from the 
line joining the two X atoms; and v 8 is described by the displacement 
z of the Y atom from the center of gravity of the two X atoms, in direc¬ 
tion along the axis of the molecule. It is clear from Fig. 3 that 



From these it follows that vi is inactive; v 2 is active and the radiation 
is polarized in a plane perpendicular to the axis; and v s is also active 
but the radiation is polarized along the axis of the molecule. In general, 
in a molecule possessing a center of symmetry, vibrations that are symme¬ 
trical with respect to the symmetry axis are inactive in absorption, while 
vibrations that are antisymmetrical with respect to the center are active. 

As another example, let us take the symmetrical triangular YX 2 
molecule of which the water molecule is an example. Let a set of co4 

5 When one is dealing with a large number of moiecules in the gaseous or 
vapor state, the polarization character of the radiation of course will not show up 
in absorption experiments on account of the random orientations of the molecules. 
In crystals, however, in which the ions or groups of atoms are lined up, it is possible 
to distinguish between the various directions of the electric moment relative to 
the symmetry elements of the crystal. See Chap. V on the carbonates and chlorates. 
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ordinate axes be chosen with the origin at the 
center of gravity of the molecule, the z axis 
along the symmetry axis and the y and x axes 
perpendicular to the plane and in the plane of 
the molecule respectively (Fig. 8). It follows 
from Fig. 2 and the discussions on the forms of 
the three normal vibrations in §3 that 




Hence all the three fundamental vibrations are active. In v x and V 2 , the 
change of the electric moment is along the symmetry axis while in v* 
it is perpendicular to the symmetry axis of the molecule. We shall show 
in Chap. IV that these two types of vibrations give rise to two different 
types of structure in the vibration-rotational bands in the absorption 
spectrum. 

On entirely similar considerations, the selection rules for the dif¬ 
ferent molecular models discussed in Chap. V can be obtained. 

Finally let us consider the selection rules for the harmonics of the 
fundamental vibrations of a molecule. For this purpose we have to con¬ 
sider the deviation of the vibrations from pure simple harmonics motions, 
and consequently instead of (10) we have to express the coordinates X’s 
by the general Fourier series (38). In a molecule completely devoid of 
symmetry, all harmonics of the fundamentals may be expected to be 
active, although the higher harmonics may be very weak since their 
intensities depend on the coefficients A% m in the Fourier series, which 
in turn depend on the effect of the anharmonicities of the vibrations. If 
in a vibration v,- the molecule remains symmetrical with respect to a cen¬ 
ter of symmetry, then the vibration and all its harmonics will be inactive. 
If in the vibration v» the molecule is antisymmetrical with respect to the 
center of symmetry, then the electric moment 27?*, say, must go to its 
negative after half a period of v», i.e., 9R* {t) =— ^ ^ . This 

requires that all the coefficients of terms in 2v*, 4v*, 6v< . etc. must 
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vanish. Consequently only the harmonics 3v*, 5n 7w . etc. will be 

active. The same results are obtained in the wave-mechanical treatment, 
as will be shown in Chap. Ill, §3. 


We shall now come to the selection rules in the Raman effect. It 
has been shown in §5 that the induced electric moments and hence the 
intensities of the scattered radiations are determined by the quantities 



The vanishing of some of the co¬ 


efficients will give rise to scattered radiations of a definite polarization 
character, while the vanishing of all these coefficients will give a zero in¬ 
tensity to the Raman line in question. The quantitative calculation of 
these quantities for a given molecule necessitates a knowledge of the 
electronic structure of the molecule, which is at present still meagre for 
all but the simplest of diatomic molecules. Important and useful in¬ 
formations, however, such as the selection and the polarization rules, can 
be obtained simply from considerations of the symmetry properties of 
the molecule and its vibrations alone. In the following we shall only 
discuss a few molecular models as illustrations, but give the results for 
other molecular models in Chap. V. For further details, the reader 
must be referred to the works of Placzek and others. 6 


Let us take again the linear symmetrical YX 2 molecule and choose 
the axis of the molecule as the z-axis, and two perpendicular axes as the 
x and the y axes, the origin being at the center of the molecule. The 
polarizability tensor a is then an ellipsoid of revolution, with its principal 
axes along the coordinate axes. Hence the components ( a)° « ( a yz )° =* 
(a»«>°==0. During the normal vibrations m, v 2 and v 3 , Fig. 3, the direc¬ 
tions of the principal axes of the polarizability ellipsoid obviously remain 
unchanged. Hence one has 



It is evident that the components cu», a**, a** do not change during 
the vibrations v 2 and va, but they do change during the vibration v*, i.e., 



6 C. Placzek, Leipziger Vortr&ger (1931); Handbuth der Radiologie, Bd 6/If, 
(1934); H. A. Stuart, MelekiihtrukUir, <1934). 
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Hence only v, is active in the Raman effect. 

On the other hand, if one considers a linear unsymmetrical X-Y-Z 
molecule, then while equations (50) still hold for the vibrations v* and 
v t , they no longer hold for the vibration v 2 . From Fig. 9, it can be 



O—-o*-o 

Fig. 9 


seen that the directions of the principal axes of the polarizability ellipsoid 
no longer remain unchanged in the vibration v 2 . Hence one has 

(%%)*<>■ (feX“(lxl). +0 - < 62 > 

Also, instead of (51), we now have 



That is, all the three normal vibrations of the molecule X-Y-Z are active 
in the Raman effect. 

To obtain the state of polarization of the scattered radiation, it 
is necessary to determine the relative values of the components of the 
electric moment in different directions. Experimentally one usually mea¬ 
sures the ratio of the intensities of the scattered radiations with the 
electric vector perpendicular to that of the exciting: radiation and those 
with the electric vector parallel to that of the exciting radiation. 7 This 

7 W. Hanle, Naturwiss. 19, 375, (1931); Phys. Zeits. 32, 556, (1931); Ann. 
der Physik 11, 885, (1931); 15, 345, (1932), and also R. Bar, Naturwiss. 19, 463, 
(1931); Helv. Phys. Acta 4, 131, (1931), developed the method of using circularly 
polarized radiation for exciting the Raman lines. It was found that the scattered 
radiation (Raman scattering) consists of circularly polarized radiations both in 
the same sense of rotation as the exciting radiation and in the reversed sense. The 
ratio of the intensity of the reversed or “umgekehrt” polarized radiation to that of 
the “richtig” polarized radiation is defined as the reversion coefficient P. A- detailed 
analysis shows that the coefficient P is related to the degree of depolarization q with 
linearly polarized exciting radiation through the equation P=2p/(l*-*p). It is seen 
that highly symmetrical vibrations (low values of q ) show low values of P , and 
completely depolarized radiation (q— 3/4) have the high value 6 for P. Thus fTom 
measurements of P, it is also possible to obtain informations concerning the symmetry 
of the vibrations of a molecule. 
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ratio is defined as the degree of depolarization q. Since the intensity 
of the scattered radiations is proportional to the square of the induced 
electric moment, the degree of depolarization can be obtained by taking 
the ratio of the squares of the components of the induced electric moment 
averaged over all the possible orientations of the molecule with respect 
to the direction of the electric vector of the exciting radiation. Thus 
the degree of depolarization is a measure of the anisotropy of the change 
of the polarizability tensor due to the vibration of the molecule. If in 
particular the vibration of a molecule is spherically symmetrical, then 

the tensor whose components are ^ ^ X%> ^ ^ Xi . becomes 

a sphere and the degree of depolarization is accordingly zero. We shall 
not go into the detailed calculation of g for a molecule in general. Suffice 
it to say that in general the value of g lies between O and 6/7 when 
ordinary (unpolarized) radiation is used for exciting the Raman line, 
and between O and 3/4 when linearly polarized radiation is used for 
excitation. Vibrations that are symmetrical with respect to some 
elements of symmetry but antisymmetrical with respect to another 
element of symmetry have the value 9 = 6/7 (or 3/4 with polarized 
radiation for excitation) ; while vibrations that are symmetrical with 
respect to all elements of symmetry usually have very low values of g. 
Their exact values, however, depend on the structure of the molecule in 
question and cannot be given in general. 


§7. Isotope Effect 

When an atom (or a few atoms) in a molecule is replaced by an 
isotope, it is reasonable to assume that the potential field of the molecule 
is unchanged since it is determined by the electronic structure of the 
molecule alone. The difference in the masses of the isotopes, however, 
will (0 bring about a change in the frequencies of the normal vibrations 
of the molecule, and (it) lower the symmetry of the molecule, thereby 
removing the degeneracy of certain vibrations and causing certain inac¬ 
tive vibrations to become active, if such vibrations are present in the 
original molecule. Theoretically, the isotope shifts in the frequencies of 
the normal vibrations can be calculated in terms of the masses of the 
atoms and the constants in the potential function by the method of §1. 
Such calculations are, however, usually quite complicated, except for a 
few molecular models. As illustrations, we shall only give the results 
for the symmetrical YX 2 molecule according to (i) the valence force 
treatment, and (ii) the general force treatment. 
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(1) Valence force treatment 1 

When one of the X atoms of mass m is replaced by an isotope 
of mass ro+Affl) the following results are obtained from equs. (22) 


All + Al 2 = 

li Al 2 + l^Ai= 

Als- k Am ; 

2m 2 ’ 


(Jc + 2feo) , 


4fc_fca 

l 1 


Am 
2m 2 ' 

Als 

XT' 


or 


M 


Am 


M+m(l—cos a) 2m 


( 65 ) 


In the particular case of a linear symmetrical molecule, there result from 
equations (24) the following expressions 


All 


Als 


- k 


Am 
2m 2 ’ 


Al 2 


2&a 


Am 

2m 2 


or 


Alo 

I 2 


M . Am 
M+2m 2m ’ 


(56) 


In this case, the vibration vi is no longer symmetrical with respect to 
the center and hence becomes active in absorption. 

When the Y atom of mass M is replaced by an isotope of mass 
M+AM, equations (22) give for the triangular molecule the relations 


Ali + Ala = — [fc (1 + cos a) + 2ka(l — cos a)] —— 


li AI 2 + I 2 Ali 


4k k a AM 
m * M 2 ’ 


Al< 


— k (1 — cos a) 


AM 
M 2 » 


Als = m (1—cos a) 

or Is M+m(l—cos a) 


(57) 

AM 
M ' 


which reduce, in the case of a linear molecule, to 


Ali = 0, 

Al 2 -4 kajjg-; Alt- 2k 

or AX 2 AXs __2m # AM t 

XT A* M+2m M 


(58) 


1 Expressions for the isotope shifts for the general triatomic molecule accord¬ 
ing to the valence force treatment have been given by Adel, Phys. Rev. 45, 56, 
(1934). It is to be noted that the A, B, C in his expressions for the linear molecule 
have different meanings, namely, A— B—7* jl 2 > an< ^ from those for the 

general case. Equations (55)—(58) here can be obtained as special cases of hip 
general expressions. 
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In these two cases, the symmetry of the molecule is not disturbed. Hence 
the selection rules are unaffected. 

All the above expressions (55) — (58) are approximate only and 
can not be used if A m/m or A M/M is much greater than 1/10. If both of 
the X atoms are replaced by the isotope of mass m-h Am, then the 
frequency shifts are given, to the same approximation as before, by (55) 
and (56) in which Am is replaced by 2Am. 2 In this case, the symmetry 
of the molecule and hence the selection rules remain unaffected. 


(2) General force treatment 

In this case, corresponding to the equations (55) — (58) in the 
valence force treatment, one obtains from equations (27) the following 
sets of relations 
Triangular 3 


Y m v M Y m+Am 

A X A 


or 


Linear 

Am 


or 


Triangular 

j^niYM+AM^m 


Ak + AX, — (2 A + -f-) , 


AX, , AX, 
Xj X, 


M+m 

M+2m 


XT X 3 = , M+m 
X, X, M+2m 


Am 

2m 

Am 

m 


Ata 

Xs 

AX, 

~x ,' 


p[l- 


2 mp cot 2 a _"] Am 

M (1+p cot 2 a) J 2m 


(59) 


Am 


2m 


AX, 

X 2 

- AX»_ 
X3 

~ v Am 

V 2m ’ 


XfX? ^ 

, M+m 


Xx Xs 

M+2m 

AX, 

4 - AX2 8=3 

. r AM 

C M 2 ' 

AX, 

1 AX2 

- 2m« 

X, 

+ IT 

2 P M 2 


Am 

m 


(60) 


AXs 


X s 


/ l+2p cot 2 a \A M 

2mp 


(61) 


2 See Teller, Hand-und Jahrbuch der ckemischen Physik, Bd 9/II, Pp. 141 ff. 

8 The expressions for AX 3 given by Rosenthal, Phys. Rev. 42, 813, (1932); 45, 
426, (1934), are in error because of an error in the expression for X«. See footnote 

(1) in §3, C. 
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4S 


Linear 

m AMwalll 1 . — 

X Y X AX, = 0, •) 

v-—itr—I <62> 

The same remarks given for the valence force treatment also apply 
here. It is seen from (59) and (61) that the observation of the isotope 
shift in vs enables the apex angle 2a to be determined if it is not known 
from other data; and the isotope shifts in Vi and v 2 due to the replace¬ 
ment of the Y atom enable the constant C in the potential function (26) 
to be determined. The other constants A, B, D can then be obtained 
from equations (27). 

Calculations of the isotope shifts in other molecujes such as YX 3 , 
YX 4 have been carried out by Rosenthal. 4 The results are more com¬ 
plicated than those in the case of the YX 2 molecule. We shall refer to 
her papers for these cases but shall give another perturbation method 
for the calculation of isotope shifts, which is due to Rayleigh and is 
suggested for this purpose by Wilson. 0 

Let the displacements of an atom i of mass vm in a molecule be 
described by a set of rectangular coordinates q' 's with origin at the 
position of equilibrium of mi, and let us define the generalized coordinates 

Qi *= V'm'i Q'i . (63) 

The kinetic energy is then T—i'Eqf. Let the potential energy be 

2V ■» X bij qi qt , (64) 

and let the transformation that reduces V and T simultaneously to the 
normal forms be given by 

Oft a 2 Cih Qi . (65) 

As the coefficients bn in (64) are functions of the potential constants 
and the rrn's, the replacement of some of the atoms by their isotopes will 
change the potential energy V into V', 

2V’ = 2 bij q ( q f . (66) 

Let us regard the difference 

2V! = 2 (V — V) - 2 Bn q { q } (67) 

* J. E. Rosenthal, Phys. Rev. 46, 436, (1934); 47, 236, (1936) lor YX„; Phys. 
Bev. 46, 638, 766; 46, 730, (1934) for YX 4 . 

o E. B. Wilson, jr. Phys. Rev. 46, 427, (1934).. 
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as a perturbation. The transformation (65) applied to V x will not give 
a normal form, but in a first approximation, we may neglect the cross 
terms and consider only the square terms 


where 


2V X - 2 Mi Q?, 

AXft a 2 Cih Bij Cjh , 


or, if the matrix of the transformation (65) be denoted by C, 

AX fe = (C- 1 B C) kh . 


( 68 ) 

(68a) 


If in a molecule two vibrations Q k and Q, have the same fre¬ 
quency, the effect of the isotope replacement is to remove the degeneracy 
by giving two distinct (in general) shifts by the equation 


where 


(< C- 1 B C) kh - AX (C" 1 B C)hr 
(C- 1 B C)rk (C-* B C)rr — AX 


(69) 


(C- 1 B CV = 2 c ih Bn c jh . (70) 

As an illustration of this method, let us calculate again the isotope 
shift of the inactive frequency vi of the linear symmetrical YX 2 molecule 
when one of the X atoms of mass m is replaced by an isotope of mass 
mV Am, and let X^^/mx lf X 2 —*/mx 2 where x x and x 2 are the dis¬ 
placements of the two X atoms. The introduction of the normal coor¬ 
dinate — X 2 ) reduces the kinetic and the potential energies 

v 2 


to the normal forms 2 T—Q 2 , 2V r =^-~^Q 2 , where A is defined in (26). 


Then one obtains 


2Vi a a\( _^__JL\ __ 2 / _ 1 ___ 

IVw+Ara m / 1 Vm V -/mV Am 




As c u — — c 2 i = , (68) gives 

AX _ Am 

X 2m' 

in agreement with (60). 

In systems like this, it is of course possible to obtain the isotope 
shifts by more direct methods (for example, the above result can be 
obtained simply from the relation X=2 A/m). But in other more com¬ 
plicated molecules, this method may prove useful. Further illustrations 
are given by Wilson for the single inactive frequency of the tetrahedral 
YX 4 molecule. 



CHAPTER III 

VIBRATIONS OF MOLECULES: THE QUANTUM THEORY 

In the last chapter, we have presented the classical theory of the 
vibrational spectra of molecules. From the classical treatment, one 
obtains the relations between the frequencies of the normal vibrations 
and the constants in the potential function of a molecule, the forms of 
the individual vibrations, the selection rules in the absorption and the 
Raman spectra, and the isotope shifts. When one considers, however, 
such questions as the effect of the anharmonicities on the energy of 
vibrations, the detailed structure of the vibration-rotational bands, and 
the phenomena of resonance between two or more energy levels, the 
quantum theory proves to be more adequate. In this chapter, we shall 
present the quantum theory aspects of the problem of the vibrations of 
molecules. 

§1. Harmonic and Anharmonic Vibrators 

Just as the simple harmonic oscillator forms the basis for the dis¬ 
cussion of the vibrations of molecules in the classical theory, so it also 
forms a convenient initial approximation for the treatment of the vibra¬ 
tions of molecules in the quantum theory. The theory of the harmonic 
and anharmonic oscillators according to the wave mechanics is well known. 
But for convenience in our later discussions, we shall give the important 
results below. 

A) Wave mechanics of the harmonic oscillator 

The Schroedinger equation of a harmonic oscillator of mass ,u 
and fundamental frequency v is 

E - 2 x? v* [xx*) y = 0. (1) 

The eigenvalues of (1), which give the energies of the oscillator, are 
given by 1 

E v = ( v + i ) hv, v = 0,1, 2-. (2) 

The eigenfunctions are 

1 See any text on the wave mechanics, for example, Sommerfeld’s Wave 
Mechanics. 
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_J! 

if* (5) = e * ( 5), (3) 

where 

S-■/?*, (4) 

/?* (£) is the Hermitian polynomial of degree n and is given by 

#.(£) = (-1)”^^ (5) 

or explicitly 

H. (5) - (2 !)• -Jill-!) (2 ir- + ’»l»—>(”- 2 )(«- 3) (2 |r -< 

i ^ I 


n 




c—i) 

l 

n\ 

for n even, 


i 



4-. 

■+ *s 





1 



for n odd. 

It satisfies the 

recurrence 

formula 



Hn +i (?) - 25 H n (5) + 2n (g) = 0 . (6) 

The properties of these eigenfunctions if* in (3) are as follows: 

a) if»(£) = if»( —£), for n even, 

if* (5) = — if«(—i), for«odd; (7) 

b) 


“ * (0, «i 

/ 1f»1f*d£ = < _ 

(2 *n!Vn, 


m =f=n, 

m = n; 


( 8 ) 


that is, the eigenfunctions are even or odd in the argument according as 
n is even or odd, and that the eigenfunctions form an orthogonal set. 
We shall normalize the if by the relation 


00 

/ ■£*(*)iM*)dz == l. (») 

— 00 

Because of the substitution (4), the normalized eigenfunction for the 
state n is 


W„(5) 


V> 

*/~2 n n.V n 


« 2 JET, (g). 


( 10 ) 


The selection rule for the harmonic oscillator can be obtained. 
Since the process of emission or absorption of radiation is governed by 
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the change of the electric moment of the system, the question whether 
a transition between a state m and a state n is observed in emission or 
absorption can be answered by an examination of the matrix element 
of the electric moment associated with the two states m and n, or, since 
the electric moment is proportional to the displacement x, by an examina¬ 
tion of the matrix element (a;),*,, 

GO 

(%)mn “ J* 'tym (H) 

— GO 

It can easily be shown by means of (6) that ( x) ttm vanishes except for 
m=n± 1; and 

(*)«,*+1 = (x)n+i ,« = / + 1L (12) 

* 8 nr\iv 

Hence it follows that the selection rule is 

An = =fc 1, (13) 

that is, in the spectrum of a harmonic oscillator, only the fundamental 
frequency v is emitted or absorbed. This is in agreement with the 
classical theory. 

B) Anharmonic oscillator 
(i) Perturbation treatment 

The application of the theory of a harmonic oscillator to the pro¬ 
blem of the vibrations of a diatomic molecule constitutes what may be 
called a zeroth approximation. The potential functions in the actual 
molecules are usually such that they increase more rapidly than the 
quadratic function \/ 2 kx 2 when the two atoms are compressed together, 
but less rapidly than \/ 2 kx 2 when the two atoms are stretched apart from 
the position of equilibrium. One way to take into account the deviation 
from the harmonic motion is to include the higher order terms in the 
Taylor expansion of the potential energy (equ. (3) of Chap. II). Let 
us now take for the energy of the oscillator the expression 

V = fc, x* + l k 2 x s + i- kiX*. (14) 

The problem then is to find i) the change in the energy of the state 
n due to the introduction of the terms in and fc s , and it) the selection 
rule for this anharmonic oscillator. 

To find the energy of the oscillator with the potential (14), it 
would be necessary to find the eigenvalues of the Schroedinger equation 
with this potential. When and are small compared with k l9 an 
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approximate solution can be obtained by the method of the perturbation 
theory. If the perturbing potential is expressed in the form XFi + X 2 F a 
where X is simply a parameter to remind one of the order of smallness, 
th,en according to the perturbation theory, the change in energy up to 
the first power of X is 

OO 

*E‘ n = lf V t V„ dx, (15) 

“00 

and the energy change up to the second power of X is 


l 2 EX = 


— 


'V n V 2 '¥ n dx + X 2 2' 


[f 

“ 00 __ 

E n . 


( 16 ) 


where ES — (n+ ^A>) hv and is the zeroth order energy corresponding to 
the potential F 0 =^fc ix 2 , and the summation is taken over all states 
i different from n. 

Applying these general results to (14) and assuming that k 2 »ks, 
one obtains for the first order energy change 


K = o, 


(17) 


and for the second order energy change 


E 


»l _ 

» 


h 2 k % v 

32 Jts/ |t fcj 


(n 2 +• n + •$•) 


5 h 2 vkl 
96 


(n 2 + n + i±). 

30 


(18) 


The sign of k 2 is always negative, corresponding to the behavior of the 
potential function described at the beginning of this section. In most 
molecules it is usually such that the second term in (18) is greater than 
the first. Thus the anharmonic terms in the potential (14) bring about 
a negative correction to the zeroth order energy, which is proportional 
to the square of the quantum number n, in agreement with the empirical 
results of the analyses of band spectra of molecules. 1 

The calculation of the energy changes in (18) involves the evalua¬ 
tion of integrals of the type 

OO 

J e - * 2 x v H„ (x) H n (x) dx. 

“00 

Such integrals can be evaluated either by repeated applications of the 


1 The empirical results of band spectrum analyses prefer an energy expression 
of the form Ez=hv —xhv (n+i^) 2 . See (ii) of this section below, equ. (31a). 
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recurrence formula (6) , or by expanding x p H n ( x), if n<m, into a 
series of Hi (x) 


x p Hn (x) = 2 Ci Hi (a;), (19) 

i 

the summation beginning with 0 or 1 according as n+p is even or odd. 
Because of the property (7), it follows that if n+p is even (or odd), 
all the odd (or even) coefficients a vanish. The non-vanishing cc’s 
may be easily determined by comparing the coefficients of each power 
of x on both sides of equation (19). We give below a few of such inte¬ 
grals which are of frequent occurrence in the perturbation calculations 
of the vibrational energies of molecules. 
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— cc 
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00 
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i x dx = 

'K x 2 'P n dx = 2n ±±, 

dx s/(n + l) (n + 2), 
a : 8 Vnndx 

X s 'Ft.fj dx = / («±EE1, 

* 8 

£ 4 'l 7 * cto = * (w* + n + •$•). 


( 20 ) 


To obtain the selection rule for the anharmonic oscillator, it is 
necessary to examine the matrix element of 5Dt* oc x with respect to 
the eigenfunctions of the anharmonic oscillator, i.e of the perturbed 
system. According to the perturbation theory, if the eigenfunctions of 
the unperturbed System be denoted by \pn , the first order change in 
the eigenfunction of the state n due to the perturbing potential X Vi is 
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where the summation is taken over all states i4=n. Consider first the 

effect of the perturbing potential 1 k 2 x 3 . Then the eigenfunction of the 

o 

slate n up to the first power of X is 2 

— T n “t“X ~~ Wn ~h X ^ ^n-fx ^n+i "h Q n —1 'Pn—;l “h^n-f8 ^n+3 

+ <£_ ( 22 ) 

Substitution of this and a similar expression for Wm + X 'P'** into the 
integral for the matrix element of x, namely (11), gives 

00 

(x) mn = J (fc + K Tm) x (K + K T; ) dx. (23) 

' 00 

From (23) it follows that up to the zeroth power in X, (x) wn does not 
vanish for ?n---n±. 1, and up to the first power in X, ( x) mn does not 
vanish for m=n, n±. 2, n±. 4. Similarly if the perturbation ^ &*x 4 is 

considered, then up to the first; power in X, ( x) m/n will not vanish for 
m~n± 3, n± 5. Hence for the anharmonic oscillator (14), the selection 
rule is 

A n - 1, ± 2, ± 3, db 4 , db 5. (24) 

This shows that in the spectrum, in addition to the fundamental frequency 
(Aw-±1), harmonics up to the fourth (A ?i=±. 2, 3, 4, 5) are also pre¬ 
sent. By including higher order terms in the potential, still higher har¬ 
monics can be accounted for in a similar manner. Since the intensities 
of these harmonics are determined by the coefficients a* ’s and hence 
by the coefficients k’s of the anharmonic terms in the potential, it is 
seen why the harmonics are usually weak and the intensity decreases as 
An increases. 

(ii) Morse oscillator 

For a number of diatomic molecules, the potential function 

2 It is seen from (22) that as the result of the perturbation V lt the state n is 
no longer described by V’n alone but by a wave function containing the 
contributions of other states. When the a? 's are small and hence the contributions 
from the other states are small, one may still speak of the state n . When the non- 
diagonial elements of Vj are quite large and hence the oj 1 's, each state is described 
by a combination of the wave functions of a number of states and it is no longer 
justified to refer to any state by the quantum number n which has an exact meaning 
only in the unperturbed system. In fact, in such cases, the perturbation theory for 
degenerate systems must be used instead of (21) above. See Pp. 83-89. 
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V = D (1 — ?/) 2 , y = er^ a r " -r o > 


(25) 


suggested by Morse 1 has been found very 
successful. In (25), r 0 is the equilibrium 
separation of the molecule, a is a para¬ 
meter to be determined from the empirical 
data for each individual molecule, and D 
is another parameter giving the energy 
of dissociation of the molecule also to be 
determined from the empirical data. The 
general form of the potential curve is 
shown in Fig. 10. 



Fig. 10. Morse potential curve 


The Schroedinger equation of an oscillator with this potential can 
be written, after transforming to the independent variable y , in the form 


1 

y 


d 

dy 



RTTfi fE — D 


+ 


2 D 




0. 


On assuming 


= e 2 a 2 F ( 2 ), 


where 


2 = 2 a y, 


2\l D 
a h 


E-D 


aWp* 

32 «V’ 


one obtains the following differential equation for F(z) 


(26) 


(27) 

(28) 


2 F" + (p + 1 - z) F' + i (2a - 3 - 1) F = 0. (29) 


On assuming the series solution 

F ( 2 ) = 2 cr. z H (30) 


and requiring the series to stop at k=n, one obtams the eigenvalues of 
(29), namely, 

2n — 2a + p + 1 = 0, (31) 


or, from (28), 

E„ — (n + \) hv — x (n + -J-) 2 hv, 

where 

v = ®. /W 

2nrJ n 


(3la) 

(32) 


1 P. M. Morse, Phys. Rev. 34, 57, (1929); see also N. Rosen, Jour. Chem. Phys. 
1, 319, (1933) for the asymptotic solutions of (26). 
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is the frequency of infinitesmal vibration of the oscillator (that is, of 
an oscillator whose potential is obtained by expanding y in (25) and 
neglecting all terms of higher powers than the second in ( r—r Q )• In 
(31a), the coefficient x is given by 


1 _ hv _ ha 11 

2 a 4 D SjiVv ' 


(33) 


With the relation (31), one can show that the recurrence formula for 
the coefficients c* in (30) is 

C *' 1 = (k + Tj(k + J+ l) Ch ' (34) 

By means of the gamma function 


oe 

r {t) =- f e~ z zdz 

o 

and the reduction formula 


(35) 


T(t + 1) = tr(t), (30) 

the normalizing factor for the function i|>(~) in 1 

00 CD 

nIJ [y n (z)Jdr=j-N n f [*«(*)]*■---= 1 (37) 

" OC O 

can be found to be 


N 2 = * 11~ x )(1 ~ 2x) . ( 1 —nx) fl —( n +1 ) x 2 - ( l — 2nx ) 2 f ( 1 — ( 2n + 1 ) aO 


a [ l—(n + QaQ .(1 — 2 nx) 

n\ x n v(~-2n — 


(38 ) 


The orthogonality of the functions ( 2) 1 

CO 00 

N m N„J ij'tn (Z) y n (Z) dr =— N m N„ J = 5 mn (39) 

“00 o 

follows from the Schroedinger equation and the fact that rj> (z) vanishes 


2 The limits of integration should be r=0 and r=°° , corresponding to 2 = 2ae ara 
and z=0 respectively. Since the function ip (z) in (27) decreases exponentially 
with 2 , there is little error in replacing the limit 2 =2a* #r 0 by cc • 




Harmonic and Anharmonic Vibrators 


63 


both when z =0 and 2 ; is infinite. It can also be verified by actually carry¬ 
ing out the integration in (39) with the help of the gamma function (35). 

To obtain the selection rule for the oscillator, we have to consider 
the matrix element of the electric moment, namely, 

00 CO 

y n (z)r t|- M (z) dr=-C Jy m (z) y n (z) log(*^)\-dz. (40) 

■“00 O 

It can be shown that this integral does not vanish in general for arbitrary 
values of m and n. Hence An is arbitrary and all quantum jumps, i.e 
all harmonics, are allowed. 

C) Plane isotropic oscillator . 1 

Another type of vibration that finds frequent application in the 
theory of the vibration of molecules is the two dimensional vibration of 
a particle bound to a center of force such that the potential energy is 

V = i k r 2 = 2 Jt 2 v 2 p r 2 

which is independent of q? , the angle the vector r makes with a fixed 
direction in the plane of motion. The kinetic energy is 


1 (r 2 + r 2 cf 2 ) 


On introducing the dimensionless variable q and the momenta pQ and Pq 

dT 

Pq 3<C 


- - 

the Hamiltonian becomes 


and the Schrbdinger equation is 
[ 


+ 1+1 

2 * -v 1 


3 - 2 E 

0 a 3cp“ hv 


30 s 1 0 30 

The eigenvalues of this equation are given by 

E n = (n + 1) hv, 

and the eigenfunctions, which are periodic in q> and finite for all values 
of 0 , are 


p - dT 

pv “ a «p 

(41) 

. 1 . hV o 

’J +- 2~ e ' 

(42) 

1 

o 

11 

© 

(43) 


(44) 


tynt = 


J k ! 


r >1 e 

|y + k)\ J 2 n 

1 D. M. Dennison, Rev. Mod. Phys. 3, 280, (19,31) 


* lhp e 2 0 * L l l+k ( 0 ? ), 


( 45 ) 
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where k—y^in—l), and L i Uth is the associated Laguerre polynomial of 
argument q~ and is the solution of the equation 

e^Z+fc + (i + i — o 2 ) L l+k + kL i+k — 0 ( 46 ) 

The recurrence formula for the coefficients c m in the expansion 

L(+ it ( Q ! ) = 2 c m e" 


is 


_ 2 m + 2l — 2 n 

” f2 (m + 2).{m + 2+20 


(47) 


and the explicit form for (ir) is 

Lf +M ( Q 2 ) = (- d'+a-(( + *)•' 

ft/ L 11 

+ (i+ m±k-mk-i) Q i^ -I (48) 

2! J 

The properties of the functions are the following 1 : 

(i) For a given value (integer) of the quantum number n, the quantum 
number l can take y^n+l values, if n is even, corresponding to all values 
of k from 0 to J /2 n , according to the relation l~n—2k; and take Vzin + l) 
values, if n is odd, corresponding to all values of k from 0 to 

For each value of l=f=0, there are two wave functions differing from each 
other only in the factor . For £=0, there is only one wave func¬ 

tion for each n. From these it follows that for each value of n (either 
even or odd), there are n+1 wave functions. Since the energy (44) is 
independent of the quantum number i, it follows that the state n is 
(n+1)-fold degenerate. We shall see immediately that the degeneracy 
comes from two sources: (1) the motion is isotropic in the plane of 
motion, and (2) the potential V has the particularly simple form y%k r 2 . 
That part of the degeneracy due to the second cause can be removed by 
introducing an anharmonic term in the potential. The degeneracy of 
states with 0, i.e the independence of the energy on the sign of Z, 
however, can not be removed by any perturbation which is independent 
of q>. This is easily understood since physically this simply means that 
the energy can not be dependent on the sense of rotation of the vector 
q in the absence of any external directional effect such as produced by 
a magnetic field. 

(ii) Because of the factor e±u <p, all integrals of the form 
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H>nV Qdo Ctcp 


0, 


for l' 


(49) 


The values of a few integrals that come in in perturbation calculations 
are given below: 



o 


* 

9 ® ■»!>«£ Q&Q — n + 1 , 


00 

/ 


I q 2 ^«f 2 ,1 QdQ = (n 4- 2) 2 — V, 


00 

J ^r.1 Q 4 il’*» QdQ = $ (3 »* + 6 n + 4 — P). 

O 


(50) 


To obtain the selection rule for the plane harmonic oscillator, let 
us consider, for convenience, the matrix element of 1 , where 2K* 
and 2)?!/ are the components of the electric moment aion£ two axes x 
and y in the plane of motion. As 5K* and are proportional to x= 
r cos 9 and y=r sin 9 respectively, we have 


~JT OC 

( 2 K a + i m u ) (nli n'V)ocj J oc i<p V,- ( ' Qdg dtp, 

O O 

which vanishes except when 1=1'± 1. For 1=1'+ 1, integration over q 
causes the integral to vanish except for n=n'+1. For 1=1'—1, the in¬ 
tegral vanishes except when n=n' — l. Hence the selection rules are 

A n ==t 1, A l -=t 1. (51) 


Next let us take a plane anharmonic oscillator. As the potential 
energy must be an even function of q and must be independent ofqp, we 
may consider the effect of anharmonic term 


IV^lhk, q 4 . 

The energy change given by the diagonal element of Fj according to 
(15) and (50) is 

Eni — (3n 2 + 6 m + 4 — P) hv, (52 

which depends on the numerical values but not the sign of l. 

To obtain the selection rules for the anharmonic oscillator, we 
must examine the matrix elements of x+iy=re*v with respect to the wave 
functions of the anharmonic oscillator, namely, in quantities up to the 
first power of X, 
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where 




Vlt +XS , al», 

ktl* 


w° , 

* kV> 


2n oo 

^ni V^h, gdgdcp 



Since the perturbing potential must be independent of <p, the coefficients 
a$» will vanish for i'=/=i. Hence the wave functions T n r of the an- 
harmonic oscillator depend on cp in exactly the same way (i.c. 9 through 
the same factor e * ^<p) as the wave functions of the harmonic oscillator. 
From this it follows that the selection rule for l remains the same as 
before, namely, AJ=:±:1. The selection rule for n can be obtained by 
substituting (55) into an expression of the form (23). It is found that 
up to the first power in harmonics with An—±:‘S will also be allowed 
in the spectrum of the anharmonic oscillator. 

D) Space isotropic oscillator 

The Schrodinger equation for a 3-dimensional Harmonic oscillator 
AH' + - k r 2 j^ = 0 

separates into three ordinary differential equations on putting 

= e im< P P?(cos &)— \\> (r), 
r 

where ip satisfies the equation 

<53) 

in which g *= 2jc a& (41). The solution of (53) can be put 
in the form 

-of 

ip (e) ==e 3 g ln F (g) 


where F(q) is the solution of 

f” + 2(--~* — 21 ~ 3 ] 0> = 0 

The method of solving the equation by polynomials leads to the eigen¬ 
values 


E = hv U + l + f) = hv (v + 1) 


(54) 
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where v is a positive integer S:i. This differs from the energy expres¬ 
sions for the linear and the plane harmonic oscillators in the zero point 
3 

energy -a- hv. The solution of the Schrodinger equation is now 

_e* 

e ' m(f P7 (cos %)e 3 Q l F ( q ), (55) 

where F ((?) = 2a* Q h is given by the recurrence formula 

_ 2 {k + l — v) 

hn (k + 2){k + 21 + 3) h 

Since the energy of the oscillator is independent of the quantum 
numbers m and i, and since for a given value of l, ni can take on 
2£+l values while for a given value of v, l can take the values v , 
v~2, ^—4,. ... to 1 or 0 according as whether v is odd or even, it follows 
that each vibrational state v is degenerate, the degree of degeneracy 
being given by 

i (v + l)(v + 2). (56 ) 

This degeneracy is the result of (1) the isotropy of the vibration and 
(2) the harmonic potential. A part of this degeneracy can be removed 
by introducing an anharmonic term in the potential such as F]=ki q 4 , 
The energy change due to such a perturbing potential is given by the 
matrix element V\ (v, ?, m; v, l , ni) . It can be shown that this is 
given by 

v (V, l; v, l)=ik , [3(v + •)• - (/• -+ i)° + 1 ] (57) 

This splits the 14 (v+1) (v+2)-fold degenerate state into a number of 
1 / 2 (^+ 2 ) levels if v even, and V-j.^+l) levels if v odd, which are (2«+l)-, 
(2v— 3)-, (2r-7)~, ....1 or 3-fold degenerate, according as whether v 
is even or odd. 

If the oscillator is perturbed by a potential which is tetrahedrally 
symmetrical instead of spherically symmetrical, as in the case of certain 
vibrations in such molecules as CH 4 , it can be shown that a state v is 
split into a number of levels none of which is more than 3-fold degenerate. 1 
In this case, the perturbation calculation can be more conveniently carried 
out by using rectangular coordinates in the Schrodinger equation. The 
number of sub-levels for is shown in Table I. 

1 D. M. Dennison and S. B. Ingram, Phys. Rev. 36, 1461, (1930), 
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t>a0 | 

V = 1 


v = 3 

v = 4 

EC 1) j 

EC 3) 

E(S) \ 

EW 

ECS) 

| 

EC 2) 

EC 3) 

E(S) 



EC 1) 

ECU) 

ECS) 

I 


1 

j 

EC I) 

EC 2) 

| 


1 

1 


E(2) 

I 


1 


Ed) 

1 




E(I) 


Table I. Energy levels of tetrahedral YX 4 molecules. Numbers in 
parentheses are the degrees of degeneracy. 


§2. Vibrations of Molecules: Initial Approximation 

Suppose a classical treatment of the normal vibrations of a 
molecule has already been carried through so that in the normal coor¬ 
dinates, the kinetic and the potential energies are given by equations 
(7) of Chap. II, 

2T - 2X?, 2V = ZhXh 


where h = I, and the co's are the zeroth order frequencies. On in¬ 
troducing the dimensionless variables and their momenta 

= rx-li- < 58 > 

the Hamiltonian becomes 

H = —^ 2 o>j Th + ~ 2 <»> Vi- 

The Schroedinger equation 7/T==Z?T for the system can be separated by 
assuming 


W = 


(Vi) * (2/-). 

(?/» 

E = 

1! 

4- 4- +. 

~ j 4-2? v 

n 


into n equations of the type 

-*]*.-* 


which is identical with equation (1) for a simple harmonic oscillator. 
The eigenvalues and the eigenfunctions of (60) are given by (2) and 
(10). The total energy of vibration of the molecule is 

E = 2 (Vi + i) hv<. 


( 01 ) 









Vibrations of Molecules: Initial Approximation 


59 


A) Absorption spectrum 

To obtain the selection rules in emission and absorption, it is 
necessary to examine the matrix elements of the components of the electric 
moment along certain fixed directions in space. Consider for example 
the x component of the electric moment as given in (31) of Chap. II, 
namely, 

9R, = mi + + .• 


The matrix element of 2ft, associated with the transition between the 
states given by the quantum numbers v ]y v 2t . . . .r n and v\ > v 3 \ . . . vh 
is, in a first approximation, 


9W* (v t 


^ v>1 . v ' n) = f^i’i . V„ 'IV,. v' n dX l . dX n 

^fdTix r „ 

+ AbaJoJ VV v t Vn Xi Vv\- v' n dXi . dX n . (62) 


The term in 2ft£ vanishes except when Ti — Vi' for all values of i, and hence 
gives rise to no emission or absorption during the transition. The in¬ 
tegral in the second term vanishes except when 

Vi = v\ ,. v iA = Vi = v’i ± 1, vm = v\ fl> . v n = v ; w . (G3) 

on account of the orthogonality properties of the wave functions ypvt (yi). 
Entirely similar results hold for the y and the z components of the 
electric moment. Hence in this approximation, only the fundamental 
frequencies may appear in the spectrum, there being no harmonics nor 
combinations of the fundamentals. As to whether a particular vibration 
is active, and if so, what are the directions of the change of the electric 
moment, one must apply the same considerations of the symmetry pro¬ 
perties of the vibrations as in §6 of Chap. II. 

In the following section, it will be shown that the appearance of 
harmonics and combination bands can be accounted for by taking into 
consideration the anharmonicity of the vibrations, and that the selection 
rules for them can be obtained also from the symmetry properties of 
the vibrations. 


B) Raman spectrum 

To understand the vibrational Raman effect of a molecule, it is 
necessary to consider the scattering process in the quantum theory. A 
detailed treatment has been given by Placzek 1 . In the following, we 
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shall give a brief discussion and refer the reader to the work of Placzek 
and of Breit 1 . 

Consider a molecule with energy states Ej and the corresponding 
eigenfunctions er 2n ' ' h 1 which satisfy the Schrodinger time de¬ 

pendent wave equations 


\H„ 


h 


9 
9 1 


)k=o, 


2Jt i dt/ J \ ' 2n i 

When perturbed by a light wave whose electric vector is 

. 2nivt * —2xivt 
£ = A e + A e 


(64) 


(65) 


the wave equations for the system become 

£) V-0 (60) 

where M is the electric moment of the system. Let the first order change 
in the eigen function of the state n be so that 

+ V*. (67) 


On neglecting small quantities of the second order, equations (66) become 

<»• + -si r»> m. A - ^ £ > i: - « g > . <«» 


Let us assume that 


Vi = y 


-f 

n 


e ip~ e A 


(69) 


and a similar expression for the complex conjugate V n *. On substitut¬ 
ing these into (68) and equating terms having the same time factor, one 
obtains 

[fl 0 -(£,+M] *t = (AAl)V“ , [fl 0 .-(F„-M] V» = (AM)K , 

[fl 0 -(E n +fcv)] Ji = (l«At)Js , [fl 0 -(#«-/iv)] (AMM . (70) 

To solve these equations, let us expand the right-hand members of these 
equations in terms of the orthogonal set of eigen functions of the unper¬ 
turbed system. 


1 G. Placzek, Marx's Handbuch der Radiologie, Bd VI/2, 2nd ed.; also G. Breit, 
Rev. Mod. Phys. 4, 504, (1932); 5, 91, (1933), for a detailed discussion of the quantum 
theory of dispersion. 
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(AM)y° n ='Z(AM) nr W , etc.. 


(71) 


where 


(AM)„ t — dx. (72) 

Then it follows from (64) and the Hermitian property Mu = Ma that 


Vi 


v ____ (AM) nr o . —.__ y (AM) nr 

~E~-(E~ + hv)V r ’ V'- ? K r -(E~-tiy) 




— v (AM)rn ,o 

“ r E r -(E n +hv) ^ ^ 


* * 

m „,,o V 


(AM)rn *o 
Er-(E n -}iv) Vr 


(73) 


Consider now the matrix element of the x component of the electric 
moment of the system associated with the state n and another state k 
(When we confine our attention to the vibrational states alone, n stands 

for the totality of the vibrational quantum numbers v t , v» . r n in 

(59). Similarly for k). Neglecting small quantities of the second order 
again, one obtains 


M, 


, (k,n) = yVf'fc +T'*) MJ'Yl + T"„) dx = W„(n,k) e 


— 2jxiv n jct 


+ _L + (M„) n r(AM) rh '} g “2>«'(Vrt+V)« 

h r l V,n— V V T h + V J 

+ J- vf ( AM )nr(MJrh | (M Anr(A M)rh 'j e “ 2 «Kv«A,-V)< 
h T L v r „ + v v r * —V J 


(74) 


Here in the spirit of the correspondence principle, Klein 2 assumed 
that the component of the electric moment 351 (i,j) is zero if vu <^0 

and is equal to that associated with 


351 (i,j) e 


— 2 nivtft 


+ 351 (i,j) e 




if \ij >0. Thus the first term in (74) corresponds to the spontaneous 
emission of the state n to the state k (En>Eh). The second term repre¬ 
sents the radiation of frequency v„a + v for v„a+v>0. Here we distin¬ 
guish three cases, namely, E n ^>Eu, E n <Eh and E„ = E*. These are 
readily seen to correspond to the anti-Stokes, the Stokes and the unde¬ 
viated line respectively of the scattered radiations, as shown in Fig. 11, 
(a), (b), (c). 


2 O. Klein, Zeits. f. Physik 41, 407, (1927). 
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Pig. 11 


In the case E n ~Ek> we again distinquish between k=n and kn. For 
k~n, the first term in (74) is simply the x component of the permanent 
dipole moment of the system in the state n, while the second and the 
third terms can be put in the form 

M a (n,n) = 2J?„ ( n,n) e + Wi„ (n,n) e 

where 

21? (fl 7l) r ^ ) wr(ay)m j )r n 1 

r L V rn ~V V rn fV J 

(75) represents the coherent part of the Rayleigh scattering since the 
matrix element M* ( n , n) is independent of any arbitrary phase factor 

in the eigen function e^ ni t —* n ) and the scattered radiatoins 

from different molecules are in a condition to produce interference. 
For n=f=k but E n **Eh so that the two states are degenerate, the martix 
element will contain a factor - 8*0 which is different 

for different molecules, the scattered radiations are not in a condition 
to produce interference and are called incoherent. 

The third term in (74) represents radiations of frequency v«* — v 
if Vflft — v >0. In this case, the state n must be an excited state, as shown 
in (d) of Fig. 11. 

We are here chiefly interested in the Raman scattering given by 
the second term of (74). The intensity of the scattered radiation is 
given by 

/»* = 2 I 2tt'» (n, k) I *, 

3 C‘ ml 1 


(75) 

(76) 


where 
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2 ro»(n,fc)=~jL V* yf )»t M£ Jr» + (tAtJwrCtAtj ) y ft 1 ^ 
k * rt ' V rn —V V r *+V~ J ° 

= 2 {o'xa)nh A a ( 77 ) 

The quantities (a'^) defined in (77) are seen to transform as the pro¬ 
ducts of the components of two vectors ( AoMa ) and (M*), and are 
hence the components of a tensor. The above relations between the 
components of the induced electric moment 3ft' and the inducing' field 
vector A are the same as those in (39) of Chap. II. 

From (77), it follows that a necessary condition for a Raman 
line to appear at all is that a state r exists such that the matrix 
elements of the electric moments associated with r and n and with r and 
k do not vanish at the same time. The existence of such states r, how¬ 
ever, is not sufficient, since by chance the matrix elements 2ft r (n,fc) may 
still have vanishingly small values when the summation over all the 
intermediate states r is made in (77). 

The selection rules for the vibrational Raman spectrum of a 
molecule can be obtained from a study of the scattering formula (77). 
It is seen that while the selection rules for the absorption spectrum are 
determined by the matrix elements of the dipole moment (62), they 
are determined, for the Raman spectrum, by the matrix elements of the 
components of the polarizability tensor a. Hence the selection rules are 
in general different for the two spectra. A particularly simple example 
illustrating this difference is found in molecules possessing a center of 
symmetry. Consider two states n and k . The frequency v n * will be active 
in absorption (or emission) if the wave functions of the two states have 
opposite symmetry characters, i.e., one *‘s symmetrical and the other 
an Asymmetrical with respect to a reflection about the symmetry 
center. This follows since the dipole moment of the molecule is a vector, 
and the integration in (62) is taken over all values of the coordinates, 
On the other hand, for the frequency v n * to appear in the Raman 
spectrum, the wave functions of the two states must have the same 
symmetry character since the polarizability a is a tensor and is symme¬ 
trical with respect to the reflection. From these it follows that in such 
molecules, frequencies that are active in absorption are not active in 
the Raman spectrum, and vice versa* In molecules possessing more 
than one elements of symmetry, the selection rules can be obtained from 
a consideration of the symmetry properties of the wave functions of the 
different states with respect to the symmetry operations (reflection 
about a center, rotation about an axis, etc.). Selection rules for 
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molecular models of various symmetries have been given by Placzek. 1 In 
Chap. V, we shall give them for those models corresponding to the actual 
molecules. 

An interesting special case of the scattering formula (74) is when 
v=0, i.e. f when the molecule is in a static field. In this case, the matrix 
elements of the components of the induced dipole moment associated with 
the states n and k have the frequency v nA . Thus radiations of the 
frequency v nft can be absorbed or emitted by the molecule even when 
the dipole transition between the two states is forbidden for the unper¬ 
turbed molecule. This suggests the possibility of observing inactive 
transitions in the infrared absorption spectrum, 3 in the same way as 
forbidden transitions in atomic spectra are observed in Stark effect. 4 
In fact in both cases, the activity of these transitions in the electric field 
is due to the induced electric moment of the system by the electric field. 
Hence we may regard the appearance of Raman lines in the limit of 
v—0 for the exciting radiation as a Stark effect of the vibrational spectra. 
The frequency shifts produced by the external electric field are given 
by (16) in which the perturbing potential is 3ft£. 

Having justified the introduction of the polarizability tensor in 
(77), let us consider the scattering process by a molecule. The intensity 
of the scattered radiations is determined by the matrix elements of the 
induced electric moment. For a transition between two states defined 
by the quantum numbers v u v 2 ,. .. .v n and v[, v' 2 , .... v' n9 the martix 
element of the x component of the induced electric moment under the 
action of the electric field = 0 f the incident radiation is, in 

a first approximation, given by (45) of Chap. II, 

SK.(Vi. v*ivv . v' n )= e K ‘ n 2 £ ° . , v Wv[ . v ' n dX 1 . dX„ 

2jt*v£ /3 ct . \ C * 

+ > f ? «'( dWJ , V-». n>; <**..«**. (’8) 

where the summation in j is taken over f=x, y, z> and 

— 2jt 

^Vi — Vn=* n%>* (X h ,t), ^vu{X k ,t)=^Vr.(Xb)e * , (79) 

b 

the (XJ being the orthogonal Hermitian functions (10). The terms 
® E. U. Condon, Phys. Rev. 41, 7B9, (1932). 

4 The 2 S—m?S and the 2 S—m 2 D series are observed in the inverse Stark effect 
of the spectra of the alkalie metal atoms, for example. 
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containing- (a*;) 0 do not vanish only when Vi*= vC for all values of i, i.e., 
when there is no change in the vibrational state. The integral in the 
second term on the right vanishes except when the quantum numbers 
satisfy the condition (63). Entirely similar results hold for the other 
components of the induced electric moment. The first term in (64) 
gives the classical Rayleigh scattering, while the second term in (64) 
gives the Stokes and the anti-Stokes Raman lines with the frequencies 
v — vj§ and v + v A . It is seen from (78) that in the approximation 
employed here, only the fundamental frequencies of the molecule will 
appear in the Raman effect. The question as to whether a particular 
vibration is active, and if so, what are the polarization characters of 
the scattered radiation, is again determined by the values of the coeffi¬ 


cients (-® CKj ), for which the considerations of §6, Chap. II hold. The 

\OAfr / 0 

appearance of harmonic and combination frequencies can be shown to 
arise from higher order effects. This accounts for the fact that in gen¬ 
eral the harmonic and combination frequencies are not observed and in 
a few cases they are observed only with low intensities. 5 


The anti-Stokes line of frequency v+v A has its origin in molecules 
that have already been excited to the vibrational state v k — l when the 
process of scattering takes place. Its very much lower intensity com¬ 
pared with that of the corresponding Stokes lines is due to the much 

smaller, by the Boltzmann factor , population of the excited state 

under ordinary experimental conditions. According to the classical 
theory of §5, Chap. II, however, it would not be possible to understand 
the difference in the intensities of the Stokes and the anti-Stokes lines, 
for there the idea of the different energy states does not come in at all. 


§3. Vibrations of Molecules: Higher Approximations 

It is shown in the last section that if the vibrations of a molecule 
are strictly simple harmonic, no overtones nor combinations of the 
fundamental frequencies would be observed in the absorption and the 
Raman spectra. It is found, however, that overtones and combination 
bands are actually observed in the absorption spectra of practically all 
the molecules that have been studied, and that the energies of vibrations 
can be empirically represented by including in the expression (61) terms 


5 Cases in which the harmonic of a fundamental appears in the Raman spectrum 
with considerable intensity are found when there is the quantum mechanical effect 
of resonance between the harmonic and another fundamental. See section 4, B of 
this chapter. 
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that are proportional to the squares and the products of the various 
vibrational quantum numbers. The explanation of these is to be found, 
just as in the case of a single oscillator in §1, in the fact that the motions 
of the atoms in a molecule are not strictly simple harmonic. Hence our 
next problem is to study the effect, on both the energy and the selection 
rules, of the anharmonicity of the vibrations. 

A) Normal coordinate method 

A natural method for including the effect of anharmonicity of 
the vibrations is the perturbation method. Unless the motions are very 
widely different from being simple harmonic, the assumption of a 
quadratic potential can be expected to form a good initial approximation 
on the basis of which the effect of anharmonicity can be determined by 
calculating the perturbations due to the higher order terms in the poten¬ 
tial. In theory, such a perturbation calculation can be carried out for 
any given molecule. Because, however, of the lengthy calculations in¬ 
volved for any but the simplest of molecules, and also because of the 
practical difficulties in securing the necessary experimental data for the 
analysis to be useful, such calculations have been carried out for only 
a few molecules. We shall here consider in detail only the linear 
symmetrical YX 2 model not only because, it sufficiently illustrates the 
method but also because of its successful application to the carbon 
dioxide molecule. 1 

We shall choose the coordinates q , r and z defined in §6, equs. (48) 
of Chap. II. It can be easily shown that in these coordinates the kinetic 
and the potential energies are 

T = i m q 2 + \ [i (z 2 *4- r 2 + r 2 <p 2 ) 

V = mrt 2 c of q 2 + 2\i7t 2 a>£ r 2 + 2\m 2 cog z 3 , (80) 

where /A=2mM/(M-f2m). On introducing the dimensionless coordinates 


/ q , 

5 = 2 n / 2 , 

q — 2k /Hb&L* r (81) 

/ 2 h 

n h 

n h 


and their momenta given by expressions similar to (56), equations (80) 
become 

1 D. M. Dennison, Rev. Mod. Phys. 3, 280, (1931); Phys, Rev. 41, 304, (1932); 
A. Adel and D. M. Dennison, Phys. Rev. 43, 716, (1933). 
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T + “‘K + K + »>■>'! ]• 

v- | [»,«■ + », „• + «*!=*]. (81a) 

The Schrodinger equation then separates into three equations, one of 
the form (43) and two of the form (60). The eigenvalues and the 
eigenfunctions are given by (44), (45), (2) and (10), and for the whole 
system, one obtains 

Ev~ (^i + £) hu> x -f- ( v 2 + 1) ho5 2 -f (^s+ \) htei, 


^v=^Z l (a)* n>£ 2 /(o> qp) • ip° 8 (g), (82) 

where v stands for the totality of the quantum numbers Vi, v 2 , l, r 3 . 

If it now be assumed that the molecule is perturbed by anharmonic 
potentials that have the same symmetry as the geometrical symmetry of 
the molecule, namely, they must be even functions of r and z, and must 
be independent of the angle qp, 

X V 1 = X h (ao 3 4- boQ 2 + cog 2 J, (83) 


W 2 = Vh [da 4 + cq* 1 -f /g 4 + g o 2 q* + i Q 2 | 2 + j a*g 8 ], (84) 


then one finds that the first order change in energy is zero, 


X E' = X V x (v x v 2 vj; v x v 2 v t l) = X 


s 


Wv V, Tr dr = 0, 


where dx^do d% dcp QdQ- The second order energy change is given by 
an expression similar to (16), namely. 



Wv Vj¥v dx + V S' - 


C Wv V t Wv'dr^ 
El — El' 


2 


(85) 


in which the summation is taken over all possible sets of the quantum 
numbers v-V, v-/, V, v 3 , not all of which are identical with v u v 2 , l, v 3 . 
The non-vanishing non-diagonal matrix elements of Vi, twelve in 
number, are the following: 


, v , \,v 2t v% /v \ Vidz3,v.2,v 3 ,y v ®i±l,® 4 ± 2 ,V| j-y , rj±l,r’ 2 ,t’s±2 

' 1 v h i- t ,v 3 ' l) v x , v 2 ,v s ' 1 v lt v.., v 3 V h Vq,V 3 

All these matrix elements can be evaluated by referring to (20) and 
(50). On writing the energy E=E° +E'+E" in the form 

E = x' + \ l v l + v,v. 2 + v s v t 4- x n v\ + x. a r\ + x, t v§ 

+ x n v 2 v s + x. a v 2 v s + x lt v t v 3 + Xu l*. 


( 86 ) 
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one obtains the following relations 
x' = constant 

, o , , , , . 3a f 5 a , r , cl 6 2 , 

Vl = CO, + l d+ g + iJ - Wi [ 4 + b + - J“ 2 ( ®r+ 2 ^) + 2 ( 0 > r 


b 2 


•2co 2 ) 


_ . _r j. '• 

4(a>,+ 2cD.) 4(co,—2 cd b ) ’ 

v , = co, + 3 e + io+ ii ~ ^ ? + b 1 2 ]" 2 ( 0 ),+ ^, 

Vj = o > 3 + S / 4- -J- j + i 
*n= ! rf - 15 a " 


■ r8« + 6 + o_ _ 

1 L 2 2 J 8 (a)! 


Sc 2 _ c 2 

4- 2co 3 ) + 8(a) A —2 o> 3 ) 1 


CD, 


# 22 =- § c — 
^ 33 = § / - 


b 2 


_ h * 

2(0 1 

_ 

8 (CD,+ 20).,) 

8 (co,— 2co,)’ 

<r 

C 2 

c 2 

2o)! 

8 (o3, + 2cd s ) 

8 !(>>,—2cd 3 / 


*«= e 

~ 2(0 1 

*22 



_ h 2 6 2 

* 12 = 9 

0)! 

2 (cd,+ 2cd 2 ) 2 (co, — 2U3.,)’ 


3a c 

r 2 c 2 

il 

s 

H 

a) i 

2 (<d,+ 2cd 3 ) "* 2 (03,—2co 8 )’ 


be 


** 

ts 

1! 

co. 

* 


(87) 


From these relations, one obtains, on elimination , 1 


0>j — Vi #11 Xu ’$'‘£ 13 * 

o> 2 = v 2 — 2#^ — i# 17 . — ix. 2i , 

(0 3 = V 3 — #38 #23 — i#18* (88) 

With sufficient appropriate experimental data on the harmonic and com¬ 
bination bands of the molecule, the coefficients v Xy v^, v 3 , # 11 . . - -# 33 ,- . - • 
#23 in the energy expression ( 86 ) can be determined. Equations ( 88 ) 
then enable one to obtain. the zeroth order frequencies co's, and from 
(87) one can determine the constants a, b, /, thus defining the 


1 The paper of Adel and Dennison, Phys. Rev. 43, 716, (1933) contains a 
number of errors. Equations (87) and (88) given here are the corrected results. 
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potential function of the molecule up to the second order. 2 Application 
of the results here to the carbon dioxide molecule will be taken up in 
Chap. V. 

To obtain the selection rules for the harmonic and the combina¬ 
tion bands of the molecule, it is necessary to consider the wave functions 
of the system of anharmonic oscillators, namely, 


Vv = Wv + 2' 

V 1 


J >k v 

El — 


'tVdT u ,o 

,, o Tv' , 

bv' 


(89) 


where V\ is the perturbation potential and v stands for v u v <>, l , v 3 . Since 
the anharmonic potential Vi must be even in r and z, and independent 
of cp, it follows from the properties of the wave functions ip ip*/"*, ipv 8 
that the non-vanishing elements of V x are those in which ( i) v x and vV 
may differ by any integer, (it) v 2 and v 2 r differ by an even integer, (Hi) 
v 3 and v 3 ' differ by an even integer, and (iv) V~L Hence the perturbed 
wave functions (89) possess the same evenness and oddness in the coor¬ 
dinates r and z and depend in the same way on <p (?.c., through the same 
factor as the wave function of the unperturbed system. 

From (48) of Chap. II, one obtains the components of the electric 
moment due to the vibrations of the molecule along and perpendicular 
to the axis of the molecule, 


= 



3R* =fc i m y 


/92JIA 

(dr )o* r6 * 


( 90 ) 


By means of the properties of the wave functions of the perturbed system 
shown above, the following results can readily be established: 

2Jl z (v;v') =J* Wy 2ft* TV dt = o unless l' = l, v^-i^even, v' 8 -- 2 ; 8 =odd, 

(2» a ±i 2K„) (v;v') =f x Vv m v )Wv'dx =0 unless Z' = J± 1, 

v'.,— v*=odd, v‘ 3 —v 3 = even. (91) 


From these, the selection rules follow: 

(i) For transitions which are accompanied by changes of the electric 
moment along the axis (2 W z tM)), 


2 The ten relations in (87) are not sufficient for the calculation of the 9 con¬ 
stants and the 3 frequencies <o's. Additional relations are furnished by the con¬ 
vergence factor of the rotational lines. See Adel and Dennison, Phys. Rev. 44, 99, 
(1933), also Chapter IV, §4, A. 
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A l ~ 0, Av 2 =. even, Av s — odd (92a) 

(ii) For transitions which are accompanied by changes of the electric 
moment in directions perpendicular to the axis (=£=0 ), 

A l -dtl, Av 2 = odd, Av z = even. (92b) 

In the Raman effect, it has been shown in §6, equs. (51) of Chap. II. 

that of all the coefficients V only ( V i~x f y , z do not vanish. 

\ oA k / o v o(7 /o 

The selection rules are then obtained by considering the matrix elements 
of (S). ( 7 , ?/, 2 . In a first approximation in which the vibrations 

are regarded as simple harmonic, one readily obtains 


Ar,= =fcl f Ar 2 = Ar s = A l -0. (93) 

In the next approximation in which the anharmonicity of the vibrations 
is taken into account, it is necessary to find the matrix elements of 

( ^ res P ect t° ^e wave functions (89) of the perturbed system* 

3a -* \ 

Q i s independent of the 

normal coordinates of the vibrations v > 2 and v 3 , and from what has been 
said of the properties of the wave functions (89), one readily obtains 
the following selection rules 


A^i —arbitrary, Ar 2 =even, A?; 8 = even, Al = 0. (9 3a) 

It follows from these and (92a), (92b) that combination frequencies 
that are active in absorption (Av 2 4- A^^odd) are not active in the 
Raman effect, while those that are active in the Raman effect ( Av 2 + A?; 3 = 
even) are not active in absorption. 

The above results, namely that only harmonics A^=even of anti- 
symmetrical vibrations are active in the Raman effect, is perfectly gen¬ 
eral for all molecules possessing a center of symmetry. Consider a 
vibration v< which is antisymmetrical with respect to the center. As 
the change in the polarizability is a tensor and is hence an even function 
in the normal coordinate X% , so must be the induced electric moment. 
Hence the matrix elements of 3 7t a , say, 

3 (v; v') = jf dX { 

* 

do not vanish only when Vv * is even, i.e., Av=even. 
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Perturbation calculations of the energies have been carried out 
for the linear X-Y-Z molecule by Adel 2 ; for the triangular YX 2 molecule 
by Bonner 3 ; and for the the linear symmetrical Y 2 X 2 molecule by Wu 
and Kiang 4 . We shall refer to these papers for the energy expressions. 
But as another illustration of the consequence of the symmetry properties 
of the vibrations on the selection rules, we shall discuss the case of the 
YX 2 molecule below. 

It has been shown in §6, equ. (49), Chap. II that the vibrations 
Vi and v 2 are accompanied by changes of the electric moment along the 
symmetry axis and v 3 perpendicular to the symmetry axis. To obtain 
the selection rules for the harmonic and the combination bands, we have 
to find the matrix elements of the electric moment of the perturbed system 
(i.e., by anharmonicities). The wave functions 'VviVoVs of the perturbed 
system are given by (89) in which the anharmonic potential V 1 must be 
an even function of the coordinate x in Fig. 4, and by equations (28) 
of Chap. II, Vi must be even in the coordinate X 3 - On account of the 
properties (7) of the unperturbed wave functions it fol¬ 

lows that in the expression (89), v 1 / and v 2 may be entirely arbitrary, 
but v 3 ' must be such that the difference vs'\ is an even integer. 

Hence the wave function of the perturbed system in the state v Xy v 2 > V 3 
is even in the normal coordinate X 3 for v A even, and odd in X :i for v A 
odd, just as the wave function tyy,, of the unperturbed system. 

1 2 o 

We are now in a position to obtain the selection rules. The matrix 
elements of the change of the electric moment along the symmetry axis 
(Fig. 8) are given by 

2Jl a ( v 1 v, v 3 ; v/ v 2 ’ v 3 ') = f ^vw 2 v 3 tyv ii>' 2 v 8 ' dr. 

Since SDl s is independent of X 3 , it follows from what has just been said 
of the perturbed wave functions that v 3 —v 3 ' must be an even integer 
for the matrix element not to vanish. The matrix elements of the 
change of the electric moment perpendicular to the symmetry axis are 
given by 

3 ®* (^1 V., V 3 ; VfvJvJ)— f tyviViVi 

2 A. Adel, Phys. Rev. 46, 222, (1934). The expressions for the coefficients 
Xij's contain a few errors which obviously have the same origin as those in the 
paper on C0 2 . See footnote (1). 

3 L. G. Bonner, Phys. Rev. 46, 458, (1934). 

^ T. Y. Wu and A. T. Kiang, Jour. Chem. Phys. 7, 178, (1939). 
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As is independent of X-i and X 2 , but is an odd function of X 8 , 
it follows that the matrix elements do not vanish only when Vx—Vs is 
odd. Hence the following selection rules are obtained: 

(i) For transitions accompanied by changes of the electric moment 
parallel to the symmetry axis, 

Ai\, Av 2 arbitrary, Ar 3 = even. (94a) 

(ii) For transitions accompanied by changes of the electric moment 
perpendicular to the symmetry axis, 

Av l9 Av 2 arbitrary, Ar 3 = odd (946) 

It will be seen that these rules are satisfied by the spectrum of the water 
molecule (Chap. V). 

The selection rules for the linear symmetrical Y 2 X 2 molecule have 
been obtained by Dennison 5 on similar considerations. They are: 

(i) For the change of the electric moment || to the axis of the molecule, 

( Ar 3 odd fA?; s even 

A^even or<A^ 4 odd (95a) 

Ar 6 even (Ar 6 odd 

(ii) For the change of the electric moment JL to the axis of the molecule, 

! Ar 8 even fAt^odd 

A^ odd or< Av 4 even (956) 

Ar 6 even {Av b odd 


In both cases, A^i and Av 2 may be arbitrary. The meaning of the 
quantum numbers and the modes of vibrations will be given in Chap. V. 

B) Mecke’s method 

A different approach to the problem of the anharmonic vibrations 
of a complex molecule has been recently suggested by Mecke 1 . Instead 
of the normal coordinates, the Schroedinger equation is expressed in 
terms of the relative displacements in the different valence bonds and 

9 9 

hence contains cross terms of the form g~- g-. For example, with 

two valence bonds, or more generally, two oscillators, the Schroedinger 
equation can be written in the form 


r> D. M. Dennison, Rev. Mod. Phys. 3, 280, (1931); The same results are obtained 
by the method of the group theory by Tisza. Zeits. f. Physik 82, 48, (1933). 

1 R. Mecke, Zeits. f. Physik 99, 217, (1936) ; R. Mecke and R. Ziegler, Zeits. 
f. Physik 101, 405, (1936). 
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JL l 2 + 2a 

V'lW 9 ?! 9 ^"*’ H 2 9 <i? 




—2F((?,,g 2 ) ] | 


^ = o, 


(96) 


in which a is a parameter depending' on the masses and the positions 
of the atoms forming the two oscillators and measures the coupling be¬ 
tween them* Equation (96) is then separated by neglecting the terms 

02 

in ~ ~ - and V (q lf q 2 ) which are later treated as perturbations. For 

oqx aq 2 

each individual oscillator, one can start with a better approximation than 
the harmonic oscillator by employing for example the Morse potential 
(25). The energy of the uncoupled system is, according to (31a), 


E mn /h = (m+i) vj — x l v i (m + i) 2 + (w+i) v 2 — ^ 2 v 2 (w + i) 2 


(97) 


The effect of the coupling between the two oscillators can now be obtained 
by calculating the perturbations. Consider first the mechanical coupling. 
It can be shown that the diagonal matrix elements of the perturbation 

vanish ’ 

ff • dqidq 2 — 0, (98) 


and the non-vanishing elements have the property 



(99) 


Thus in general the mechanical coupling contributes only to a second 
order energy change ( i.e., proportional to a 2 ). Integrals of the form 
(99) can be evaluated by means of the relations (31) — (38). The results 
are as follows : 



/8 jiV 

h 

r (1 —3a;) v ; 


f ^ 

/8Jtfy 

hr 

/ 2( 1 —3x)(i — 5xjv 
iJ " "" (1 — 2 x)" 


f Vv-idyncz-i" 

/8«V 

J h 

*Sh(l—3nx) v, 

(100) 


since x—hv/4D is small. Similarly, one finds 
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/<fc **=-*/£ y 5 

J Vn-ad^n'^— n/w(W— 1)XV 


/ 


•>[>„ d\[t a 


i/f-V 


C> (1—7*) v 
(I —2.r) (1—3*) 


( 101 ) 


It is seen that the integral J' cty„ contains a (factor (*) fc where 

2k—\m-n\ — l. As * is small, one needs only consider, for practical pur¬ 
poses, the elements H' (m, n; m± 1, »q=l). 


An interesting application of this method is perhaps in the case 
of two identical anharmonic oscillators, each of frequency v, coupled 
together. If the coupling be strong, one must calculate the change in 
the fundamental frequencies as the result of the coupling. Denoting the 
two oscillators by a and b, we have then a resonance between the two 
states tyo (a) • ty, ( b ) and ijq (a) • ((>) ; that is, the excitation of 

either oscillator to the first vibrational state corresponds to the same 
energy. The energy changes due to this resonance are given according 
to the perturbation theory for degenerate systems by the secular equation 


H’( 1,0; 1,0) -E< 

0 , 1 ,• 1 , 0 ) 


H' ( 1 , 0 ; 0 , 1 ) 

H' (0,1; 0,1)—E' 


= 0, 


( 102 ) 


where 


H' ( 1,05 0,1) = ~ f daf y 0 (b) dx ^ b i db etc., (103) 


-g 

From (98), (99) and (100), one obtains 

E' =d- i ahv (1 — 3*) c^± i ahv , 


(104) 


Thus as the result of the coupling, the fundamental frequencies of the 
oscillators become v+iav and v—-^av. Substitution into (97) gives 

E/h — v (v + l)+| aZv x v £(r + l) 2 + i 2 J + terms in ax, (105) 

where 

v = m + n, l — m — n. (106) 

When the coupling is loose, the energy change comes in general 
in the second order. Neglecting the interactions between such states as 



Vibrations of Molecules: Higher Approximations 


75 


v, l ( m, n) and v, l ±4 (m±2, 2), one obtains from (16) by means 

of (100) the following result 


E" = 


- «[ 1 + ^l 1 f)[ l - ! ‘ (v+ 1 )x ](fi)' 


(107) 


When Z=±l, the states n, nzpl and nqz 1, w are degenerate, and the 
second order energy can be shown to be 

E "v,l = * v ( v - 1) (V + 3) ( s “ ) 2 , (108) 

while the first order energy of the resonating states is given by the 
secular equation 


or 


H’ (n + l,n-,n + l,n)—E' 
H' («,« + !; n + l,n) 


H' (« + l,«; n,n + 1) 

H' (n,n + 1; n,n + l)—E' 


— 0 


(109) 


E' = ± i ahv (v + 1). (109a) 

The energy expression is therefore 


f(» + l)v — \x v[^ + l)*+P]-^l+ ( -p+ 1 1 )2 J(-“-) 2 , l=h± 1 
E/h =) (110) 

((v +1) v — ix v|^ (v +1 )*+ i s J ± \av (v + 1) + 

xv (v — 1) (V + 3) (-—) , l =± 1. 


For intermediate couplings, the theory of perturbation shows that 
the energy is of the form 

E/h = v (v + 1) + Aa 4 Bx, (111) 

where the coefficients A and B are functions of the quantum numbers 
v and l, and for any given state v, l can be determined from the coeffi¬ 
cients in the two extreme cases (105) and (110). For this correlation, 
it is necessary to consider the symmetry properties of the states v, l. 
We shall not go into this but refer to the papers of Mecke for details 
and applications. 

This method of Mecke differs from the normal coordinate method 
chiefly in the order in which the approximations are made. One starts 
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with a system of independent anharmonic oscillators and treats the me¬ 
chanical and electrical couplings between them as perturbations; while 
in the normal coordinate method the mechanical coupling and part of 
the electrical coupling are included in the initial approximation but the 
anharmonicity is treated as a perturbation. In systems in which the 
couplings are loose and the anharmonicities pronounced, this method may 
be expected to form a better approximation than the normal coordinate 
method. Since, however, one has to neglect terms like V(q { , q 2 ) because 
of the difficulty in their evaluation, one would hardly expect to obtain 
very good results with this method except in extreme cases. 2 

§4. Resonance in Vibrational Energy Levels 

In the wave mechanical treatment of the vibrations of molecules 
in §2, it has been tacitly assumed that the system is non-degenerate, i.c., 
to each energy level there corresponds one independent wave function. 
(The case of the degeneracy due to the isotropy of motion in a plane 
has been treated in §1, C. It is shown there that the degeneracy can 
be partly removed by introducing suitable perturbations). In this sec¬ 
tion we shall discuss two important cases of resonance degeneracy in 
the theory of the vibrational spectra of molecules. 

A) Resonance due to Identical Potential Minima 

When an atom (or a group of atoms) in a molecule has more than 
one positions of equilibrium which are physically indistinquishable from 
one another, there is a splitting of certain energy levels as the result 
of the interactions between the resonating levels. We shall give the 
wave mechanical theory of two cases of such resonance effects. 

( i ) One-dimensional two-minimum problem 

This is suggested by the observed experimental fact that certain 
bands of the ammonia molecule are doubled 1 . We shall show that the 
wave mechanical treatment of the problem offers an explanation of this 
doubling. 

Consider any one of the two parallel vibrations vi and v 3 of the 
pyramidal YX 3 molecule, in which the Y atom moves along the axis of 
symmetry of the molecule, about a position of equilibrium at a distance 
Xq from the plane of the X atoms. The potential energy as a function 
of the distance between the Y atom and the plane of the X atoms would 
be given by a curve of the general form shown in Fig. 10. Since the 
situation is symmetrical with respect to the plane of the X atoms, the 

2 See Chap. V, §2, A on C 2 H 2 . 
i See Chap. V, §2, B on NH 3 . 
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potential energy would be given by a curve of the form in Fig. 12. The 
problem now is to find the energy of vibration in this potential field 
possessing two exactly identical valleys. 

The Schroedinger equation for the system can be written in the 

form 

where \i is a function of the masses of the Y and X atoms 2 . The solu¬ 
tion of this equation depends on a knowledge of the form of the 
potential V(x). If the two potential valleys are separated by a “hill” 
of infinite extent, then the Y atom moving in one region would behave 
as if the other valley were non-existent. In this case the energy would 
be given, to a first approximation, by 3 

*2 

(n + *)*, (113) 


\E — V {x)\ (114) 

Corresponding to each value of the 
quantum number n, there is one wave 
function which is simply the or¬ 

thogonal Hermitian function (10) if the 
potential is quadratic in (x—x Q ), or the 
function (27) if the potential is of the 
form (25). If the potential hill between 
the two valleys is finite, then according 
to the quantum mechanics the Y atom 
moving initially in one region has a small 
through the potential hill into the other 
allowed in the classical theory but is a 
characteristic result of the quantum mechanics, the mathematical state¬ 
ment of which is briefly as follows. 

One has now to find the eigenvalues of the equation (112) with 
the potential in Fig. 12. The boundary conditions on the solutions are 

2 Here I* is not the reduced mass of the Y and the 3 X atoms since really 
one has to deal with two parallel vibrations. See Chap. V, equ. (70a). 

8 This is obtained by the so-called Wentzel-Kramers-Brillouin method of solving 
the Schroedinger equation. For a discussion of this method, see for example Uhlen- 
beck and Young, Phys. Rev. 36, 1150, (1930) and R. E. Langer, Phys. Re>. 51, 669, 
(1937) and the references given in these papers. 


where 


h 


5 


Pdx = 




P 2 = 2 \i 



Pig. 12. Potential field having two 
minima 

but finite probability of going 
region. This is obviously not 
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that they must vanish at x~—oo and x~oo. For each value of the 
quantum number n, one finds two solutions one of which is symmetrical 
with respect to a reflection on the plane of the X atoms (an operation 
which is brought about by the interchange of two of the X atoms), t.e., 
is an even function of the coordinate x; the other is antisymmetrical 
with respect to this reflection, or, it is an odd function of x. Corres¬ 
ponding to these two wave functions, there are now two eigenvalues 
which are given, to the same approximation as in (113), by the equation 4 


where 


*2 

P dx = {n -f- -$■) it db 5, 


(115) 


X\ 

5 = ) ®* = ex P (-^ f Pdx ) (116) 

— XI 

and P has the same meaning as in (114). Equation (115) shows that 
the quantum mechanical effect of the resonance between the two levels 
in the two valleys given by (113) is to split the level into two. The 
splitting separation depends on the area under the potential hill through 
the expressions in (116). The antisymmetrical wave function corres¬ 
ponds to the higher one, and the symmetrical wave function to the lower 
one of the two levels given by (115). When the potential hill is very 
high so that 5 is small, it will be found from (115) that the splitting 
of the level is symmetrical with respect to the position given by (113). 

Perhaps it is well, to consider the splitting of the energy levels 
in the light of the uncertainty principle. Since it is the square of the 
wave function that determines the probability of finding the Y atom 
at a distance x from the plane of the X atoms, it is clear that both 
the symmetrical and the antisymmetrical wave functions give the same 
probability for finding the Y atom at the distance x on both sides of 
the plane of the X atoms. This is equivalent to saying that when the 
energy of the system is known to be either one of the two values given 
by (115), then it is as likely to find the Y atom on one side of the 
plane of X atoms as on the other. In other words, it is not possible 
to say definitely on which side of the plane will the Y atom be found. 
If one forms linear combinations of the two wave functions such as 


~~r Ww + ^anti) and -i- (\Jw — ip anti ), so that now their squares 

d /2 4 /2 

do not vanish on only one side of the X 3 plane and hence the Y atom 


4 D. M. Dennison and G. E. Uhlenbeck, Phys. Rev. 41, 313, (1932); also T. 
Y. Wu, Phya. Rev. 44, 727, (1933). See footnotes below. 
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is known to be definitely on that side, the energy of the system becomes 
in both cases Ei, the value given by (113), and hence is undetermined 
by the amount A,*, the splitting separation between the two levels given 
by (115). Since physically neither side of the X 3 plane is to be pre¬ 
ferred to the other, the correct description of the situation must be given 
by the wave functions and instead of their combinations above. 

To obtain the two energy levels corresponding to the two wave 
functions and \jwi, one has to know the form of the potential 

V (x ). When one is considering the low vibrational states, one may in 
a first approximation represent those parts of the V (x) curve near the 
minima by parabolas. The splitting of the energy level depends on the 
potential V(x) only through the integrals / P dx in (115) and (116) 
in a first approximation, but is insensitive to changes in the exact form 
of the potential curve provided the values of the integrals / P dx re¬ 
main unchanged. Hence one may, also as an approximation, join the 
two parabolic curves by a simple sine curve, or even by a straight line 5 . 
The eigenvalues given by (115) can then be expressed in terms of the 
value E% given by (113) and the parameters defining the potential curve 
and entering here though (116). For splittings that are small, one finds 
F^anti)) 

\=E { z hi A,. (117) 

Ei (sym)) 

Let us now consider the selection rules for the transitions between 
two states with quantum numbers n x and n 2y and let their splitting 
separations be Ai and A 2 respectively. It follows from (116) that 
A 2 > Ai if n 2 >?h' The electric moment along the axis of the molecule 
-- a is evidently proportional to the coordinate x. 

. The matrix elements of the electric moment do 

-,- s not vanish for transitions between levels with 

opposite symmetry properties, for the integral 
00 

2ft* ( n i, n d = J* ■tyn i xtymdx (118) 

_ a "" 00 

■ ■■ ■— s does not vanish if the wave functions tywi, 

Fig. 13. Energy levels of are 0 f opposite symmetry character, but vanishes 
two-mimmum problem w h en they are of the same symmetry character, 

6 P. M. Morse and E. C. G. Stueckelberg, Helv. Phys. Acta 4, 337, (1931); D. 
M. Dennison and G. E. IJhlenbeck, loc. cit.; Exact solutions of (112) for some special 
forms of V(x) are given by Morse and N. Rosen, Phys. Rev. 42, 210, (1932); M. F. 
Manning, Jour. Chem, Phys. 3, 136, (1935) ; also F. T. Wall and G. Glockler, Jour. 
Chem. Phys. 5, 314, (1937). 
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since the integrand is an even and an odd function of x in the two cases 
respectively. Thus instead of one single transition, there are now two 
possible transitions, giving rise to a doubling of the band. The separa¬ 
tion between the two component bands is equal to the sum Ai 4- A 2 of 
the splitting separations of the two states involved, as shown in Fig. 13. 
The Raman lines, however, arise from transitions between levels of the 
same symmetry character. 

From the observed doubling separations A* + Ai, it is possible 
to calculate approximately the values of such quantities as the distance 
x oy i.e., the height of the pyramid in the position of equilibrium, and 
the height of the potential hill. Application of the theory to the ammonia 
molecule NH ;J will be taken up in Chap. V. 

( ii ) Torsional oscillation (Identical potential minima) 

In molecules of the ethane type, one of the degrees of freedom 
is a torsional oscillation or rotation of the two CH 3 groups with respect 
to each other about the carbon-carbon single bond. The vibrational and 
the rotational parts of the wave function of the molecule can be shown, 
in a first approximation, to be 

_ iM\ 1> iKcp _ 

W = II • e e 0 ( cos ft) • y (y), (110) 

where the ty/V# are the wave functions corresponding to the various 

normal vibrations, e 7 ^ e lk(p 0 (cose) is the rotational wave func¬ 
tion for the molecule regarded as rigid rotator and is given by (18) 
of Chap. IV, and (y) is the wave function for the torsional degree 
of freedom. This last wave function is the solution of the Schrodinger 
equation 

+ 4 ~i-[E-V{ Y)]^ = 0 (120) 

where V ( y ) is the potential energy of the two CII 3 groups and is a 
periodic function of the angle y defining the relative orientation of 
the two groups, namely, 

v (Y) = V(y + 2 *) , (121) 

and 1 is the moment of inertia of each CH 3 group about the axis of 
symmetry. The equation (121) is to be solved subject to periodicity 
conditions to be obtained as follows: The wave function (119) must 
remain unchanged on rotating either CH 3 group through 2 jc with respect 
to the other group. This change in the angle y changes the Euler's 
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angle <p defining the orientation of the C 2 H G molecule as a whole in 
Fig. 16 and equ. (18) of Chap. IV by jt 1 2 * * * * * 8 . Hence the conditions are as 
follows : 

(y) = tp (y + 2 jc) for K = even, 

ip (y) = — 'vp (y + 2tc) for A" = odd. (122) 

The eigen values of (120) are then the energies of this degree of free¬ 
dom. 2 3 

While the exact arrangement of the energy levels of (120) can 
not be determined without a knowledge of the exact form of the potential 
V(y), the following qualitative remarks can be made on quite general 
considerations. When the potential valleys of V(y) in Fig. 14 are 
separated by infinite potential hills, the motion is then one of pure 
oscillatory motion of the two groups about the position of equilibrium. 
When the potential hills are of finite height, however, the resonance be¬ 
tween the energy levels in the different identical regions of possible mo¬ 
tion gives rise to a splitting of the energy levels given by (113), the 
situation being similar to the case discussed under ( i) for the YX 3 mole¬ 
cule above. In the case of the C 2 H 4 type molecules, each level is split 
into four, of which two levels remain degenerate. In the case of the 

1 The Euler’s angle <p for the molecule as a whole is defined as ^(Yj+Ya) where 
Yi and Y 2 are the Euler’s angles for the two CH 3 groups so that Y = Y 2 “Y*« 

2 The symmetry properties of the wave functions of the individual levels must 

further include the spin wave functions due to the nuclear spins of the six H atoms 

in the case of the ethane molecule. Due to the spin V 2 for the H atomic nucleus, 

there are 2° = 64 spin orientations. It can be shown that these 64 wave functions 

divide themselves into 6 non-combining classes with different symmetry properties 

with respect to the symmetry operations for the molecule. These classes have the 
following statistical weights: 32, 8, 6, 2, 10, 6. Considerations of the symmetry 
properties of these wave functions are important for the calculations of the con¬ 
tribution of this degree of freedom to such quantities as the entropy, free energy 
and molecular heat at very low temperatures. See E. Teller and Kr. Weigert, Gott. 
Nachr. 2, 218, (1933); K. Schafer, Zeits. f. phys. Chem. B 40, 357, (1938); E. B. 
Wilson, Jr. Jour. Chem. Phys. 6, 740, (1938), for detailed discussions of the group- 
theory method of studying the symmetry classes and the calculations of the thermo¬ 
dynamic quantities. 

8 For the ethylene type molecules in which the two groups under consideration 
are joined by a double bond, the Schrodinger equation is the same as (120), except 
that now the potential V(y) is determined mainly by the directional properties of 
the bonds between the two carbon atoms, while in C 3 H 0 the potential arises from the 
interactions between the H atoms in the two CH 3 groups and possibly also from the 
interactions between the H atoms of one CH 3 group with the C-H bonds in the other 
group. For ethylene, the potential is such that the motion is one of oscillation, as 
shown by specific heat data for the molecule (see Chap. V, section on C 2 H 4 ). 



82 


Quantum Theory 



Fig. 14a. Periodic potential in 
C 2 H 4 type molecule 



C 2 H 6 type molecule 


C 2 H 0 type molecules, each level is split into six of which there are two 
coincident pairs. The total number of levels and the degeneracy un¬ 
removed by taking into account the possibility of going through the 
potential hills are determined by the symmetry of the potential field 
V (y), but are not dependent on the method of solving the equation 
(120). The splitting separations of the levels again depend on the value 
of the integral f P dy taken over the region under the potential hill, 
as in (116). They increase as the height of the potential hills de¬ 
crease, or, for a fixed potential function, they increase as one goes up 
to higher energy levels. In the limit when the potential function is a 
constant independent of the angle y, the oscillation passes over into 
a uniform rotational motion of the two groups about the symmetry axis. 
The connection between the energy levels in the limit of pure rotation 
and in the limit of pure oscillation is shown schemetically in Figs. 15a 
and 15b. 

In the figures, the doubly degenerate levels are drawn slightly 
apart for the sake of clearness. The numerical values of the energy 
levels and their splittings in a given molecule must be obtained from 
equation (120). In the absence of any accurate knowledge concerning 
the forms of the potential F(y), we may as an approximation represent 
V( y) by a, simple periodic function like A cos 2y for the C 2 H 4 type 
molecules and A cos 3y for the C 2 H <3 type molecules, where A is a 
parameter giving the height of the potential hills. With such a form 
for F(y)» the eigenvalues of the Schrddinger equation (120) can be 
obtained either from the standard solutions of the Mathieu equation, or 
by a perturbation method. Reference must be made to the work of 
Nielsen and Koenig for further details 4 . 

4 H. H. Nielsen, Phys. Rev. 40, 445, (1932); H. D. Koenig, Phys. Rev. 44, 675, 
*19331. 
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Fig. 15a. Energy levels of torsional 
degree of freedom in C 2 H 4 type 
molecule 



Fig. 15b. Energy levels of torsional 
degree of freedom in CoH G type 
molecule 


A special case of the CoH t type molecules is suggested by such 
molecules as the cis and the trans dichlorethylenes C 2 HjC 1 2 . 5 The poten¬ 
tial U(y) in such cases is periodic in 2?r and the potential valleys are 
different in shape and depth, corresponding to the two stable forms of 
the isomers. In this case, the remaining degeneracy of the levels in the 
C 2 H 4 type molecules (Fig. 15a) is completely removed by a further split¬ 
ting of the double levels. 

B) Accidental Degeneracy 

In some molecules it may happen that two normal frequencies, or 
one fundamental and the harmonic of a second fundamental, are coin¬ 
cident or very close to each other. Under certain proper condition as 
to the symmetry properties of the two levels, their interactions will result 
in a mutual sharing of their properties, or in the language of the wave 
mechanics, in a mixing of their wave functions. The method for treat¬ 
ing such accidental degeneracies is the method of the perturbation theory 
for degenerate systems. 

The first example of such degeneracy is the vibration v* and the 
harmonic 2v 2 of the carbon dioxide molecule. We have seen in §6, Chap. 
II, that vi is the only Raman effect active vibration of a linear symme¬ 
trical YX 2 molecule of which considerable amount of data shows the C0 2 
molecule to be an example. 1 The Raman spectrum shows, however, that 


& T. Y. Wu, Phys. Rev. 45, 66, (1934). 

1 For the experimental data and their interpretations, see Chap. V. 
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there are two lines quite close together in the position of Vj. Their inten¬ 
sities are such that they are incompatible with the assumption that one of 
the lines may be the harmonic of the fundamental v 2 . Fermi 2 first sug¬ 
gested that this is due to a resonance between v L and 2v 2 . The theory has 
been further worked out by Dennison and Adel 3 who showed that on this 
theory and by taking into account second order perturbations as done 
in §3, A, a completely satisfactory interpretation of the entire spectrum 
of the melecule can be obtained. 

We shall in the initial approximation assume that co x =* 2 < 02 , and 
in the next (first) approximation = 2 cd 2 +A> where A is small. On 
substituting this into the expressions (80a) for the kinetic and the poten¬ 
tial energy, one has, in the zeroth approximation, 

H ° [ 2 *-'? ,2 0 + “8^! + u>P'- Q + ( pP% ] + -| [2o> 2 a 2 +w 2 0 s +o) 8 5 2 J, (123) 

and in the first and the second approximations, on combining with (83) 
and (84), 

H' =. 2 |!.A vl + -**-«* + h [ao s + bag 2 + co£ 2 J (124) 

H" = ft£da 4 + eQ 4 + /£ 4 + pa 2 Q 2 +iQ 2 g 2 + ya 2 £ 2 J , (125) 

The zeroth order energy (82) now becomes 

E° = h^2 co 2 {Vy + -$•) + ^2 (^2 + 1) ~t“ 0)g (^s H” i)J« (126) 

The system is now degenerate in two respects: (1) the energy E° is in¬ 
dependent of l, and (2) E° depends on the quantum numbers Vy and 
v 2 only through the sum 2vx+v 2 , but not on the individual values of Vx 
and v 2 . We are at present not interested in the degeneracy in l, which 
has been treated in §1, C and again in §3, A. We are chiefly concerned 
with the degeneracy in vi and 2v 2 . This degeneracy can be removed by 
taking into consideration the interaction between the two vibrations. 
For this purpose, we need only consider that part of the perturbation 
potential (110) which is a function of the normal coordinates or and q 
of the two vibrations vi and v 2 alone, namely, 

2 E. Fermi, Zeits. f. Physik 71, 250, (1931). 

8 D. M. Dennison, Phys. Rev. 41, 304, (1932) ; A. Adel and D. M. Dennison, 
Phys. Rev. 43, 716, (1933). 
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Tj t __2rt 2 |A 2 i 


o 2 + hbog*. 


(127) 


For the degenerate states corresponding to a certain value of the sum 
2v!+v 2 , the first order energy changes due to H\ in (113) are given by 
the secular equation 


fi'i ( v u vj, v 2 ’) - E‘ 6 (v,, v 2 ; v,', r a ') 


= 0. 


(128) 


In this secular equation, all elements of H[ which are non-diagonal with 
respect to l vanish on account of (49), since H\ is independent of the 
angle cp. From the properties of the wave functions (o) and i|( q,<p 
as given in §1, and from the values of the integrals given in (20) and 
(50), it can easily be shown that the only non-vanishing elements of H\ 
are the following 

H\ (v x vj,) v x v 2 l) = (v t + i), 

H\ (v x v4; v x — 1, v 2 + 2,1) = - >/ v\ */(r a + 2) — P. (1 29) 

V 8 

From (128) and with these values, one can calculate the energy changes 
for any values of 2v 1 J rv^ As an example, let us take 2r 1 -b2? 2 =4. The 
secular equation is as follows: 


l 0 0 0 2 2 4 —2 —2 —4 

0 24244 2 4 4 

1 v 2 v l v l 2 10 10 0 1 0 0 

002 : 

o 2 i .I 

o 4 1 i o . i 

2 2 1 . 

2 4 0 L’Ulj.. 

4 4 0 : •• I 


— 2 2 1 

— 2 4 0 

— 4 4 0 


( 130 ) 
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All the elements outside the sub-determinants vanish. The two quadratic 
factors of the equation give two roots repeated since the energy E' can¬ 
not depend on the sign of l. Similarly the two linear factors give two 
identical roots. The cubic factor gives three roots. Thus there are 
six distinct levels, grouped as follows: 

1 = 0 l — dc 2 ( = rfc 4 

! 2v, (131) 

Vi + 2 v 2 (v, + 2v s 

4v 2 \ 4v 2 4v 2 

The following table gives the first order energies for values of 2vi+ 
v 2 =0, 1, 2, 3. 4. 


Vi 


i 

x = E’/h 

0 

0 

0 

A/2 

0 

1 

±1 

A/2 

1 

0 

0 

2 

0 

0 

|A±'J- N /~A®+2b T 

0 

2 

2 

A/2 

1 

0 

1 

3 

ztl 

±1 

jA±iV A a + 26 * 

0 

3 

±3 

A/2 

2 

0 

0 

! > 

1 

2 

0 

! fA**— (36*— 2|A s )a:— If A 3 + li6*A=0 

0 

4 

0 

) 

1 

0 

2 

4 

it 2 

dt2 

}A±W A*+6b* 

0 

4 

db4 

A/2 

Table II 


The total energy is now, instead of (86), 


E° +E< + E" = h lx' + v l v 1 +~~ x a v 2 v 8 ] + E '. (132) 

After having found the energies, it is of interest to consider the 
wave functions of the resulting states whose energies are given in Table 
II. According to the quantum mechanics, the perturbation Hi in 
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(127) which is a non-diagonal matrix with respect to the wave functions 

S>t>i (®) is transformed into a diagonal matrix with respect 

to some other wave functions which are linear combinations of the zeroth 
order wave functions of the degenerate states, and the diagonal elements 
of H\ in the new representation are given by the secular equation 

(128) . Corresponding to each root of the secular equation, one can 
obtain a proper combination of the original wave functions. Consider 
the degenerate states v u v 2 , 1=1,0,0 and 0,2,0. It is seen from Table 
II that the roots of (128) are A + i */ A 2 + 2P and A — £ */ A^f 26 a . 
Let the wave functions corresponding to them be denoted by ■»!>+ and 

respectively. Then one readily obtains, if y =» ygy < 1» 8 

i|>+ = “ \p t (o) 'poo (0,q>) - P ipo (o) 'Pao (0,<P)> 

ip_ = P \p, (o) \p OD (p,cp) + a Tp 0 (a) rpj,, (p,q>), (133) 

where 

a* — i (1 + —i= V) , P* = i(l --L--V). (134) 

V 2 V 2 

Similarly, for the states v u v 2 , 1=1, 1,±1 and 0, 3,=tl, the wave func¬ 
tions corresponding to the two levels in Table II are 


A-I-iV A*+ 26 * : 'p t = aip 1 (a)»ipi 1 (e,<p)-p\p J (o)% 1 (p,«i)), 


A — i s/ A*+ 26 * j \p_=ptp!(o) ^ 11 ( 0 , 9 ) + a ^( 0 )^( 9 ,q>). (135) 

where a and p are the same as in (134). Similar calculations can be 
carried out for other degenerate states. It is seen that each of the re¬ 
sulting states in a group of degenerate states is described by a mixture 
of the wave functions of the original ^tates, in a proportion depending 
on the ratio of the resonance discrepancy A and the interaction term 
b, and also on the quantum numbers of the degenerate states in ques- 


8 The coefficients ct and P are obtained from the normalization condition 
dx=a*+P**l together with the condition that 

J *$ + H', i|> + dT-a* J ^ (o) . tl>, (a)da+2aP (o) . sl..Ce<p)H'iii> 0 (o).\p ao (o,<p)dT 

+P*y$.(0) H’, U><,(o) do » A+%^7a*4.2 b» 
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tion. This mixing of the wave functions of the interacting degenerate 
states means a mutual sharing of the properties of these states. Thus 
because of the presence of the wave function % (a) in both of the states 
ip+ and \ji_, the transitions from the normal state 0,0,0 to the pair 
of states 1,0,0 and 0,2,0 would give two Raman lines whose intensities 
are in the ratio of the squares of the matrix elements of the induced 

electric moment, i.e ., a 2 : (3 2 or (1+ ^ y)/(l— y ). When y is 

small, &s we shall later see this is the case with C0 2 , the two Raman 
lines may have comparable intensities. Detailed application of the 
theory of this section to the C0 2 molecule will be taken up in Chap. V. 
There we shall see that similar situation obtains also in the case of 
the parallel vibration v x and the first harmonic of the perpendicular 
vibration v 4 of the methyl halides. 

Finally we wish to emphasize that the mere equality or close 
proximity of two energy levels does not necessarily give rise to such re¬ 
sonance effects; only when the two levels in question have the proper 
symmetry properties would resonance interaction arise. This is already 
clear from (127) and (128) ; for if the symmetry properties of the two 
states are such that all the non-diagogal elements of the interacting 
potential (namely the term in b) vanish, then no resonance effects arise 
since no further diagonalization of H\ is needed. To illustrate this, 
let us take the two normal vibrations v 2 and v 3 of the acetylene C 2 H 2 
molecule (see Chap. V, section on C 2 H 2 for the modes of vibrations). 
The frequencies v 2 and v 3 are primarily determined by the valence force 
between the carbon and the hydrogen atoms, their difference being due 
to the interaction of the two C-H groups. Hence in the initial approxi¬ 
mation we may put o> 2 «= co 3 , and in the first approximation, cd 2 = 
cd 8 -f A. Since we are now only concerned with the vibrations v 2 and 
v 3 , let us write down that part of the Hamiltonian that depends on the 
coordinates y 2 and y 3 of these two vibrations, namely, 

^ 1=== ~8j^cd [ J + i *co 3 [y/ -f 2 /s 2 J. (136) 

The first order Hamiltonian is similar to (127), namely, 


H 


hA 

2 


& , hA 

9 2 


2/1 + hiy 2 y%. 


(137) 


The interaction consists of only the term iy 2 V^ since the potential must 
be an even function of y 3 (see Chap. V). That part of the zeroth order 
energy depending on v 2 and v 3 is easily seen to be 
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El == (v 2 + Vi + l) hv> t . (138) 

The degenerate states are those corresponding to the same value of 
v 2 +v 3 . The first order energy changes are given by the secular equation 


H'i (v 2 , v s ; v ? !, v^) — E\ § (v 2 , v z ; vl, v z ') 


= 0 


(139) 


in which v 2 +v 3 =v' a + va- Since ^ is a solution of (60), it follows 
that 

H'i % 2 (Vi) = h [iy 2 yl + (v 2 + i) aJ •i|' Va (y. t ) 


and hence all the matrix elements of H\ not diagonal with respect to 
both v 2 and v 3 vanish, and the non-vanishing diagonal elements are 
simply (v 2 -f-*4)^ A. This shows that no resonance interaction arises 
between v 2 and v 3 . 

For the same reason, in spite of the numerous instances in which 
two energy levels are very close to each other or even coincident, only 
in a relatively few cases do resonance interactions arise. 


§5. Vibrational Spectra and Molecular Structure 

From the study of the vibrational spectra of molecules, one can 
establish their geometry and dimensions through considerations of the 
symmetry properties and selection rules and the rotational structures 
of the bands. Besides these, it is possible to derive some informations 
concerning the electronic structure of the molecule, or the state of poly¬ 
merization, and to calculate the thermodynamical functions such as the 
entropy and free energy from the vibrational spectra. It is beyond the 
scope of this volume to enter into the extensive work that has been 
done on these subjects. We shall only indicate briefly in this section 
the kinds of informations and the way in which they can be obtained 
from the vibrational spectra. 

A) Quantum-mechanical Resonance an\ong Canonical Structures 

The problem of determining the electronic structure of a poly¬ 
atomic molecule is a difficult one. On the theoretical side, certain 
qualitative results can be obtained with relative ease; but quantitative 
calculations, in particular, of the “bond constants” by means of the 
wave mechanics, are so laborious that they have not been carried out 
for any except the simplest of the diatomic molecules. On the experi- 
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mental side, a determination of the potential functions from the electronic 
bands, such as is done for the diatomic molecules, is beset by the dif¬ 
ficulties ( i) of observing discrete band spectra in the majority of the 
polyatomic molecules (comparatively few polyatomic molecules have dis¬ 
crete band spectra), and (u) of analyzing the spectra when they are 
observed, on account of their complexities. One may expect, on quite 
general grounds, however, that a given electronic state is characterized 
by a potential function which determines the intramolecular distances, 
the frequencies of the vibrations, and the energies of dissociation of 
the molecule into various atoms and radicals. From the vibrational 
frequencies, it is possible to determine a zeroth-order approximation 
(quadratic) to this potential about the position of equilibrium, and from 
the rotational structure of the vibration-rotational bands it is often pos¬ 
sible to obtain the intra-molecular distances, (see Chap. IV, §§1, 2). 
For example, the constants of the quadratic potentials for the C —C, 
C=C, C^C bonds in a large number of molecules have the approximate 
values 5, 10, 15xl0 5 dynes/cm and the bond distances 1.54, 1.33, 1.19 A 
respectively. Although purely theoretical relations connecting these 
bond lengths, bond constants and electronic structures are lacking, as 
mentioned before, quite definite semi-empirical relations between the 
bond structure (i.e., single, double or triple bonds) and the bond lengths 
have been found by Pauling and his coworkers 1 . Also empirical relations 
between the bond constants and the bond lengths have been proposed, of 
which the most useful one is perhaps that of Badger 2 . A departure of 
the constants in a molecule from the “normal” values will hence indicate 
a different electronic structure in the molecule. 

Besides the conspicuous differences in the values of the bond con¬ 
stants and bond lengths for single, double and triple bonds, it has been 
found that in a number of molecules both the vibrational spectra and the 
electron diffraction measurements yield values for the bond constants 
and bond lengths which differ appreciably from their “normal” values 
according to the classical concept of chemical valence. Thermochemical 
measurements also indicate in such cases a greater stability a great¬ 
er value for the energy of dissociation) over the “normal” bonds. The 

1 L. Pauling, L. O. Brockway & J. Y. Beach, Jour. Am. Chem. Soc. 56, 2706, 
(1935). 

2 R. M. Badger, Jour. Chem. Phys. 3, 710, (1935); D. Clark, Phil. Mag. 18, 459, 
(1934); Clark and Stoves, ibid., 22, 1137, (1936); G.B.B.M. Sutherland, Proc. Ind. 
Acad. Sci., Raman Jubilee Volume, (1938). 
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explanation of such departures is furnished by the quantum-mechanical 
concept of resonance 3 . A detailed and quantitative treatment cannot 
be given here; but the idea can be readily described in a qualitative 
manner as follows: In the quantum mechanics, each state of a system 
is described by an eigen function. When there exist more than one 
states whose energies are equal (degenerate states) or nearly equal 
(partially degenerate), and if there exist interactions between them, the 
eigen functions of the states are then given by linear combinations of 
the eigen functions of the original states, the proportions of the different 
eigen functions in the combinations being determined by the energy dif¬ 
ferences between the states involved and the interactions between 
them. As the result of this “resonance”, each state will contain the 
properties of the other states, and the lowest state will in general possess 
an energy which is lower than any one of the original states. (This 
is quite analogous to the case of resonance interactions between vibra¬ 
tional states discussed in §4). Consider for example the C0 2 molecule. 
The bond distance and bond constant for C-0 in the molecule have values 
intermediate between those expected of double C—C bond and triple C = C 
bond (see Chap. V, on C0 2 ). The explanation is that the eigen function 
of the normal state of the molecule consists of a linear combination of 
the eigen functions of the following structures 


or 


0 = C = 0 
:0::C::0; 


0-C=0 
: 6 : C O 


0=C-0 

«• •« 

on e : O: 


and that the shortening of the C=0 bond due to the contribution of the 
triple bond character is greater than the lengthening of the bond due 
to the single-bond contribution. Another well known example is the 
C—C bond in the benzene molecule (see Chap. V). From the relations 
of Pauling 1 , it is possible to estimate the percentages of the different 
bond contributions from the measured bond distances. 

We should perhaps emphasize, however, that while the bond dis¬ 
tances can often be determined within narrow limits from electron dif- 


8 Cf. L. Pauling, Jour. Am. Chem. Soc. 54, 3570, (1932) ; Proc. Nat. Acad. Sci. 
18, 293, (1932) ; Pauling & G. W. Wheland, Jour. Chem. Phys. 1, 362, (1933); 
Pauling & J. Sherman, ibid., 1, 606, 679, (1933); Wheland, ibid., 1, 731, (1933); 8, 
280, (1936); Sherman, ibid., 2, 488, (1934); G. W. Penney, Proc. Roy. Soc. A 146, 

228, (1934). 
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fraction measurements for the heavy molecules and from the structures 
of the vibration-rotational bands for the simpler and light molecules, 
informations concerning the electronic structure derived from the bond 
constants are subject to the following uncertainties: ( i) In polyatomic 
molecules, the values of the potential constants ordinarily calculated do 
not have strictly unique meanings since their values depend on the forms 
of the potential chosen and since there is always an ambiguity inherent 
in the choice of the potential, and ( ii ) In relatively few molecules are 
available sufficient data that permit a correction of the observed fre¬ 
quencies for anharmonicity to be made and the couplings between the 
various atoms (represented by cross terms in the potential) to be in¬ 
cluded. It is for these reasons that great care must be exercised in 
basing conclusions concerning the bond structures on the bond constants 
alone. 


B) Molecular Association 

From the spectra of a large number of molecules, it has been 
abundantly demonstrated that a chemical bond or radical possesses fre¬ 
quencies characteristic of the bond or radical. This is due to the cir¬ 
cumstance that in molecules, the bindings between the atoms in a chemical 
bond or radical are in general very much stronger than those between 
atoms not directly joined by chemical valence bonds. Thus a = C—H 
bopd in a molecule is always accompanied by a frequency at ca. 3200 
cm" 1 , a C—H bond with an unsaturated carbon atom by a frequency at 
ca. 2950 cm" 1 , and 0—H bond by a frequency at 3600 cm" 1 , etc. 1 It 
is found, however, that in the spectra of some molecules in the liquid 
state, these “characteristic frequencies” are shifted by 200-500 cm" 1 , to 
the low frequency side (see Chap. V, sections on HCOOH and CH :i OH). 
It is also found that these shifted bands decrease in intensity with the 
rise of temperature and upon dilution with other solvents, while the 
unshifted bands increase in intensity. The explanation is that in the 
liquid state, the molecular associations arising from the formation of the 
socalled hydrogen bonds (or other types of association) change the elec¬ 
tronic structures of the bonds and hence their characteristic frequencies. 
For example, in the case of formic acid HCOOH, the study of the spectra 
at different temperatures establishes the dimer (HCOOH) 2 , which derives 
its stability possibly from the quantum-mechanical resonance between 
the structures 

1 See Kohlrausch, Der Smekal-Raman Effekt, and the Erganzungsband, for such 
characteristic frequencies; also Chap. V below. 
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0-H-O v 

H - C / >C- 


^•O—H— 


O'' 


O-H-O. 

H H-C< >C-H 

X)—H—O' 


As a result of this association, the O-H band at 3570 cm -1 observed in 
the vapor is shifted to a band at 3080 cm -1 in the liquid. Other types 
of associations have been studied by a number of authors. We shall 
refer the reader to the literature 2 . Suffice it to say here that the 
study of the vibrational spectra provides a means of investigating the 
state of molecular associations in the liquids. 

C) Thermodynamic Functions from Spectroscopic Data 

Another field in which the study of the vibrational spectra of mole¬ 
cules has proved useful is the determination of the thermodynamic func¬ 
tions, such as the entropy and the free energy, of the molecules. When 
these functions are known over a certain range of temperature, it is 
possible to derive from them such quantities as the equilibrium constants 
of chemical reactions and the molecular heats. On the other hand, from 
the thermally measured values of the entropies or specific heats, it is 
possible to determine certain unknown frequencies, or at least to estimate 
them within certain limits, in a molecule. In the following, we shall 
summarize the general procedure of such calculations, but refer to the 
literature for the theory and the details of the methods employed in the 
actual calculations 1 . 


2 R. Freymann, C. R. 195, 39, (1932); Ann. de Physique 20, 243, (1933), alcohols 
and acids; J. Errera & P. Mollet, Jour, de Phys. et Rad. 6, 2811, (1935), fatty acids; 
C. R. 204, 259, (1937), ethyl alcohol; Errera, Trans. Faraday Soc. 33, 122, (1937), 
CC1 4 on alcohol; R. M. Badger & S. H. Bauer, Jour. Chem. Phys. 5, 839, (1937); 
Bauer & Badger, ibid., 6, 852, (1937), the second harmonic of O-H band in a number 
of molecules; R. Barnes, L. G. Bonner & E. U. Condon, ibid., 4, 772, (1936) ; A. M. 
Buswell, V. Deitz & W. H. Rodebush, ibid., 5, 501, (1937); R. Gillette & A. Sherman, 
Jour. Am. Chem. Soc. 58, 1135, (1936) ; M. & R. Freymann, Bull. Soc. Chim. Franc. 4, 
944, (1937) ; on hydrogen bond. Other references are given by R. Freymann, Jour. 
Chem. Phys. 6, 497, (1938). 

1 For the general theory, see Fowler’s Statistical Mechanics , chapters II and 
III, (1936) ; for a review of the calculations of thermodynamic functions from 
spectroscopic data, see L. S. Kassel, Chem. Rev. 18, 277, (1936); also W. F. Giauque, 
Jour. Am. Chem. Soc. 52, 4808, (1930) ; J. E. Mayer, S. Brunauer & M. G. Mayer, 
ibid., 55, 37, (1933), gave a discussion of the symmetry number; L. S. Kassel, ibid., 
55, 1351, (1933), gave some approximate expressions for the partition functions; 
Kassel, Jour. Chem. Phys. 1, 576, (1933), gave some asymptotic expansions for the 
partition functions; A. R. Gordon, ibid., 1, 297, (1933), gave tables for the calculation 
of thermodynamic functions; G. M. Murphy, ibid., 5, 673, (1937), gave some analytic 
expressions for the entropy and the free energy of a number of molecules. 
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Consider a molecule whose energy states are e ot ei, e 2 .with 

the statistical weights g ih g u g 2 , . The energy of one gram- 

molecule of the substance is 


E - 


E 0 


_ E< 
2 s.r/.-e" - M 

S g { e~ w 


(140) 


(Here and in what follows, quantities with the subscript 0 are the values 
of the quantities at 0° K). On defining the partition function (or the 
Zustandssumme, or the state sum) Q by 


£ *: 

Q = 2 g t e~** • 

then 


(141) 


E ~E 0 



(142) 


The contribution to the specific heat of the molecule by these energy 
levels is 2 


C v = 


(IE 

dT 



(143) 


and the contribution to the entropy is 


S -S 0 




(144) 


where S a =R In g 0 may be called the zero-point entropy. 

Because of the fact that the energy of molecule can be written 
as the sum of translational, rotational and vibrational energies, and as 


- In the case of translational motions, (143) gives simply the classical result 
C v =: Vi;>/r, since the energies although quantized are practically continuous for mole¬ 
cules moving in a vessel of ordinary dimensions. For simple harmonic vibration of 
frequency v> (143) gives simply the well known Einstein formula 




x s e w 

(e*-T)» ’ 


/iv 

kr 


x 
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the different energies contribute multiplicatively to the partition func¬ 
tion Q and hence additively to the entrqpy, we may write 8 

® = S front + S„i b + S rot + S + So , ( 145 ) 

where S„^ is the entropy due to the spin weight of the molecule, and 
So is the entropy due to the possibility of rotating the molecule and 
still leaving it look alike. 

The translational entropy of one gram-molecule of a gas of mole¬ 
cular weight AT at a temperature T and a pressure P (in atmospheres) 
is given by the Sackur-Tetrode equation 4 

s,„.... 

= %R In M + %R In T — R In P + C, (146) 

where 

a 

C — §R+R In R' + R In = — 2.30 cal/mole/degree 

and R' is the gas constant in cc. atm./degree. 

The vibrational entropy for a harmonic oscillator of frequency 

v is 

Sri„ = - ln (1 - O ], (147) 

where 


The total vibrational entropy of the molecule is obtained by summing 
(147) over all the normal vibrations of the molecule. 

The rotational entropy must be calculated from (141) and (144) 
in which the energies are the rotational energies of a linear rotator, a 
symmetrical rotator or an asymmetrical rotator depending on the na¬ 
ture of the molecule under consideration. These energies are given by 
(4), (25) and (35), respectively, of Chap. IV. In general, the evalua- 

8 We shall confine ourselves to the normal electronic state of the molecule in 
these calculations since the contributions of the excited electronic states to 
the thermodynamic quantities are negligible. Also the nuclear spins of the atoms 
in the molecule are considered only in so far as they modify the statistical weights 
of the enery states. 

4 Cf. R. H. Fowler, Statistical Mechanics , P. 66 ff. (1936). 
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tion of the partition function for these energies is a tedious, if not 
difficult, process. In the limit ®f large values of the moments of inertia, 
one may replace the summation in (141) by integration and obtain quite 
simply, for a linear molecule, 6 

S T ot = R In ( * «, (148) 

and for a molecule possessing three different principal moments of inertia 

A, B, C, 6 

The nuclear spin entropy is given by 

S, pin = R In p n , 

where p n is the spin weight, and is equal to Ili(2s<+1) where s< is 
the spin of the nucleus i. In CH 4 , for example, p n =2 4 =16; in C 2 H 6 , 
p n =2 6 =64. This part of the entropy is independent of temperature and 
enters only as an additive constant in the total entropy. For So, one has 

So =—Rina, (151) 

where o is the so-called symmetry number. It is the number of per¬ 
mutations of identical particles in the molecule that can be carried out 
by changes in the coordinates of rotation and nuclear spin alone. 

In the next approximation, the vibrational and the rotational en¬ 
tropies given by (147) and the quantum-theory expressions for (148) 
and (149) must be corrected for (i) the anharmonicity of the vibrations, 
and (it) the interactions between the vibrational and the rotational mo¬ 
tion of the molecule. The energy of vibration of a polyatomic mole¬ 
cule must then be expressed by an expression of the form (86), and 
the interaction between the vibration and the rotation is taken into 
account by an expression of the form (9b) of Chap. IV. These correc¬ 
tions further complicate the evaluation of the partition function in (141) ; 
but in general, their effect is small and can be neglected in a first 
approximation. 

The free energy F is defined by 

F = H -TS (152) 


(149) 

(150) 


8 Fowler, loc. cit., Pp. 62, 63 (1936). 
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where H is the energy content. For the vibrational motion, for example, 
one obtains from (142), (144) and (147) 

=— R In Q = Rln(l — e~*). (153) 

For motions including translational, vibrational and rotational motions, 

H = Efron s 4“ E v h> 4 “ E ro f + PV = E + f RT (154) 

where E is given by (142) in which the partition function includes those 
for the vibrational and the rotational motions, and PV—RT for an ideal 
gas. From (146), one obtains 0 

_(F~E 0 ) = r j's lnM+ §inT-lnP+ In Q J + C-§i2 

=R |j In M+ f In T — In P+ In Q j —7.267. (155) 

Recently, calculations of the entropy and the free energy from 
spectroscopic data have been carried out for a number of molecules 7 . 
Of particular interest are the calculations of the entropies of the ethane 
and the benzene molecules. These will be further mentioned in the cor¬ 
responding sections on these molecules in Chap. V. 


The spin and the symmetry entropies in (150) and (151) have not been 
included in (155) for simplicity. 

7 L. S. Kassel, Jour. Am. Chem. Soc. 56, 1838, (1934), C0 2 , N 2 0; Jour. Chem. 
Phys. 3, 115, (1935); C(CH 3 ) 4 ; A. R. Gordon & C. Barnes, ibid., I, 297, 308, 692, 
(1933), H.>0, C0 2 , HBr, Br 2 ; Gordon, ibid., 2, 65, 549, (1934), steam; ibid., 3, 259, 
336, (1935*), HON, N 2 0, C 2 H 2 , S0 2 ; R. C. Lord & E. E. Blanchard, ibid., 4, 707, 
(1936), CC1; Lord, J. E. Ahlberg & D. H. Andrews, ibid., 5, 649, (1937), specific heat 
of benzene; D. P. Stevenson & J. Y. Beach, ibid.* 6, 25, 108, 341, (1938), H 2 CO, COCl 2 , 
€H 3 C1, CH 2 C1 2 , CHC1 3 , CC1 4 ; Gordon, ibid., 6, 219, (1938), C 2 H 2 ; B. L. Crawford & 
P. C. Cross, ibid., 6, 525, (1938) Ni(CO) 4 ; J. W. Linnett & W. H. Avery, ibid., 6, 
686, (1938), allene; Linnett, ibid., 6, 692, (1938), cyclopropane; Crawford & J. T. 
Edsall, ibid., 7, 223, (1939), B 3 N 3 H 0 ; Lord & Andrews, Jour. Phys. Chem. 41, 149, 
(1937), benzene; for calculations of the entropy and specific heat of ethane, see foot¬ 
note (5) in section on C 2 H 6 , Chap. V. 



CHAPTER IV 

VIBRATION-ROTATIONAL SPECTRA OF MOLECULES 

In our discussion of the quantum theory of the vibrations of 
molecules, we have so far neglected the simultaneous change in the 

rotational state of the molecules. As shown in §4, Chap. II, the 

simultaneous change of the vibrational and the rotational states give 
rise to a vibration-rotational band, the structure of which is determined 
by (1) the moments of inertia of the molecule, (2) the symmetry pro¬ 
perties of the molecule, and (3) the direction of the change of the 

electric moment relative to the elements of symmetry of the molecule. 
The classical theory predicts, however, a continuous distribution of the 
rotational frequencies in disagreement with the observed discrete struc¬ 
ture. Hence a treatment of the vibration-rotational bands according to 
the quantum theory is necessary. In this chapter, we shall indicate the 
theoretical methods for treating such problems as the energies and the in¬ 
tensities of the transitions involving simultaneous changes in both the 
vibrational and the rotational states in different types of molecules, and 
summarize the results upon which our discussions of the individual 
molecules in Chap. V are based. For further details, we must refer the 
reader to the treatments by Dennison 1 and by Teller. 2 


§1. Pure Rotational Spectra 


Let us first consider only the rotational motions of polyatomic 
molecules in the order of the simplicity in their mathematical treat¬ 
ments, namely, (A) linear molecules, (B) symmetrical rotators, and (C) 
asymmetrical rotators. 

A). Linear molecules 

The quantum theory of a rigid linear rotator is well known. 
Consider a rotator whose moment of inertia about the center of gravity 
is /. The Schroedinger equation for the free rotation of the molecule 
about the c. g. is 


1_ 

sin $ 


3 

3d 


(sin # + 


sin*d 


3«H> 

3<p 4 


+ 


8 n ! I 
h* 


Ey = 0 , 


( 1 ) 


1 D. M. Dennison, Rev. Mod. Phys. 3, 280, (1931). 

2 E. Teller, Hand-und Jahrbuch der chemischen Physik 9/II, (1934). 
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where d and q> are the polar angles. On assuming ¥ (d,q>) — $>(<p) 0 (9) 
and requiring the wave function to be single-valued in q>, one obtains 


d?<b 

dtp* 


= — m s $, 


<D= - JL- e im<f , 


( 2 ) 


d 

dx 



d 0 1 f 8 n*IE 

dx J + L h* 


m* I 

1—a;* J 


0 = 0 , 


a; = cosd, 


(3) 


where m is an integer, either positive or negative. On requiring the 
function 0(d) to be finite for 0=0 and n, one obtains for the eigen¬ 
values of equation (3) the following condition 

Efot = 8 ^/- J + 1 )> J = 0,1,2. ( 4 ) 

The eigenfunctions are the orthogonal associated Legendre’s polynomials 
which when normalized are 


e< ®> “ • (j+HIt p ? (cos ® ) ' <»> 

in which | m | —J. For each value of J, m can take on 2J + 1 values, 
namely, —J, —J+l . 0./— 1, /, and henjce there are 27+1 in¬ 

dependent wave functions on combining (2) and (5). Since the 
energy Ent in (4) is independent of the value of the quantum number 
m, it follows that the state J is (27+1)—fold degenerate, and has a 
weight of 27+1. It can be shown that the 7 and m have the following 
physical meanings: 7(7+1) (h/2ir)* is the square of the total angular 
momentum of the rotator and m(h/ 2tt) is the component of the angular 
momentum about the polar axis which is fixed in space. In the system 
in which the energy Ent is a diagonal matrix (whose diagonal elements 
are given by equation (4) above), the square of the total angular 
momentum and the component of the angular momentum along the z-axis 
are also given by diagonal matrices. 

To obtain the selection and the intensity rules, we have to con¬ 
sider the electric moment associated with various changes of the rotational 
state. Assuming that the rotator possesses a permanent electric 
moment 9K 0 along its axis, we can express the components of SB 0 along 
the x, y, z axes which are fixed in space as follows: 

3Jl x = 2 Jt 0 cos d, 

(JJL„ + i SDl„ = 2Jt 0 sin d e ,<p , 

9». - i 3Jl v = an, sin d e -,<p . 


( 6 ) 
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The matrix elements of these components associated with the transition 
between the two states J, to and to' have the following values, on 
account of the properties of the functions $ and 0 in (2) and (5), 


9ft., (7, m,J‘, m’)-- 


(9ft* 4- i2ft„)(J, to; ■- 


(9ft *—— l 


• 9ft 0 ifm' — m, J’-J—i; 


(7a) 


(0 if to =^=to’, J' =f= 7 ± 1, 
j / (7 + to)(7—to) 

[J (2J + l)(2J — 1) 

0 if m' =E* m — 1, J’ =f*J dt i, 

/( 7 +to — \j(J + m) - f / 1 j, j 

J (2J+i)(2/-Tr olfW s= ’ n ” 1 ' J W “ 1; 

(0 if ra' =f=m 4- 1, «/' =f=<7 i, 

(J — — m) 




(27 + 1X2/ —1) 


(7c) 

9ft„ if to' = m + 1, /' = /—l. 


In all the expressions under the radical signs, to means the absolute 
value of to. Similarly, the values of the matrix elements (7a), (7b) 
and (7c) for /'=/+! are given below 3 


9ft 2 (7, to; 7 + 1,to) = J 
(9ft*+i 2» y )(7,TO;/ + l,w —1) 


J 


(7 + TO + 1)(/— TO + 1) 

(27 + 1) (27 + 3) 
(7 — TO + 1 )(J — TO + 2) 

(27 + 1) (“>7 "+ 3) 


From these it follows that the selection rules are 

A to = o, ± 1 , A 7 = dfc i 

and the absorption spectrum in the infrared con 
equidistant lines whose frequencies are given by 

h 


4* 2 / 


(7 + 1) = 2 B (7 + 1), 7 = 0,1,2. 


Wo, 

(8a) 

| 9ft 0 , 

(8b) 

| 9ft o- 

(8c) 


(9) 

of a 

number 

0,1,2- 

(10) 


3 The matrix elements in (7) and (8) can be obtained with the aid of the 
following properties of the associated Legendre’s polynomials 

_ / T I 7 \ nW . f T • „„ X 


(2«/+l)cosfl py^iJ-m+VPj^+tJ+m) Pj mml 
(2/+I)sinb P™+ J - Py+l 
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From the spacing 2B~(h/ 4^/) between two successive lines, it is pos¬ 
sible to obtain the moment of inertia of the molecule. 


To obtain the intensities of the rotational lines, it is necessary 
to know the following factors: (1) the relative population of the various 
rotational states as given by the Boltzmann theorem, (2) the weights of 
these states, and (3) the values of the matrix elements of the electric 
moment for the various transitions. Let B(J-W+1) be the Einstein 
coefficient of absorption (from state J to state J+l), and Nj the number 
of molecules per unit volume in the state J. Then the intensity of the 
absorption line J-+J +1 is given by 

_ hy 

I (J —> J + 1) s= h v Nj B (J —> J -}- 1) (l — e ^ (11) 

where 

_ Ej _ Ej' 

Nj = N gj e fcT /(Sp J( e *T) (12) 

and 


B (J —► J + l) 


SJt 5 

IF/T 2 


Sj + i 

9 j 


an (J + i; J) ]*, 


(13) 


N is the number of molecules per unit volume, and gj is the weight of 
the state J. The matrix element an is given by 


I an(j+i;j) |*=i an.(j+i;j) |*+| m v (j+v,j) | s +l an a (j+i ; j |» (i 4 ) 

Since the energy E n , and hence the frequency of the radiation of the 
transition /-*«7+l, are independent of the quantum number m, it ap¬ 
pears that in obtaining the intensity of the transition J-+/+1, it is 
necessary to consider all the possible transitions of m by summing over 
all values of m. This summing, however, is not necessary if one obtains 
the square of the matrix elemental (J+l; J) by adding the squares of 
the x, y, z components as in (14), the reason being that in forming the 
sum (14) all possible orientations of the rotator are automatically taken 
into account. This is also seen from the fact that by replacing J in 
(7a), (7b) and (7c) by J+l to correspond to the transition J+1-+J and 
substituting into (14), the result is 

|SR(/ + l;/)!•*= -j0 t^-ISTCol*, (15) 

which is independent of m. Hence (10) becomes 
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I (J —> J + 1 ) 


2nN(J + 1 )* 
_ Ej' 

3/(2p,,e kT ) 


3» 0 | 8 e 


hB 

kT 




(1 - e~ fc T). (16) 


It is seen from this expression that the intensities of the rotational lines 
of high values of J are small because of the Boltzmann factor, and those 
of the rotational lines of low values of J are also small because of the 
factor (J+l) 1 2 * * . For a certain value of J depending on the moment of 
inertia 7, the intensity is maximum. 

B). Consider next a rigid symmetrical rotator which has an axis 
of symmetry, and whose principal moments of inertia are l c and 7 a=/ a. 
The problem of finding the energy and the selection and intensity rules 
has been worked out by a number of authors . 1 While the analysis is 
more complicated than what we have given for the linear rotator, the 
method is essentially the same. An admirable summary of the results 
has been given by Dennison . 2 We cannot do better here than follow his 
treatment. 

Let a set of rectangular axes f, t), £ be fixed in the rotator, with 
the £ axis along the symmetry axis and the origin at the center of gravity 
of the rotator. The Schrodinger equation is best expressed in terms of 
the Euler’s angles 6 , q>, defining the orientation of these axes with 
respect to the coordinate axes x, y, z which are fixed in space and have 
the same common origin as the £, rj, £ axes. The equation is 8 


96 * 


+ cot + cot* 6 ) 

06 lc 


9**r 

9q>* 


i 9*y 
sin *6 9\p* 


cos 6 9 8V P 
sin 6 9\|>9<p 


&n*I, 
h * 


AE T = 0. 


(17) 


1 Matrix mechanical treatment by D. M. Dennison, Phys. Rev. 28, 318, (1926); 
wave mechanical treatments by F. Reiche and H. Radermaker, Zeits. f. Physik 39, 
444, (1926); 41, 453, (1927); R. de I. Kronig and I. I. Rabi, Phys. Rev. 29, 262, 
(1927); C. Manneback, Phys. Zeits. 28, 72, (1927). 

2 D. M. Dennison, Rev. Mod. Phys. 3, 280, (1931). 

8 For a derivation of this equation, besides the original papers mentioned in 

footnote (1), see for example Sommerfeld’s Wave Mechanics. 
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z 



Fig. 16. Euler's angles 


Since the angles and are cyclic co¬ 
ordinates, we may assume 

V (0, q>, 1 J>) - © m • e iM * e iK<p , (18) 

where K and M must be integers, either 
positive or negative, in order that the 
wave function *¥ be single-valued. Sub¬ 
stitution of (18) into (17) gives the 
equation for 0 


where 


0" + cot 0 0'- )* 0 + 00 = 0 (19) 


o 


8 J^A e - J* K\ 

h lc 


( 20 ) 


This equation may be transformed, on introducing 
s — \ K + M \ , d = \K—M\ , 

t = 0 = ain a ~ cos*-^- F (t), (21) 

into the so-called hypergeometric equation 

t (1 — t) F" + [y — (« + P + 1) f] F' - ap F =0, (22) 

in which 


Y = 1 + d. a + P = l + d + s, 

ap = d ±1 ( -^±1 + 1 ) - o - K\ (23) 

2 ^ 


The solution of (22) is the so-called hypergeometric function 


F(a,p,y, t) = 1 


, g (q+ l) P (P+i) « , 

1 *2* Y (Y+l) 


(24) 


The condition that the solution F be finite for all values of the variable 
requires this series to terminate at a certain power of t, say t p . This 
requires that either a or p be equal to —p. Equations (20) and (23) 
then give the eigenvalues 
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E lJ (J + » + m 


( 25 ) 


in which 

P = - 1 (26) 

and 

J = p + i (d 4- s). (27) 

From (21) and (27), it is seen that \K\^J and also A detailed 

analysis shows that the quantum numbers J, K, M have the following 
physical meanings: J(J+l) (h/2-n-) 2 is the square of the total angular 
momentum, K(h/ 2-n-) and M(h/2ir) are the components of the angular 
momentum about the symmetry axis and the space z-axis respectively. 
Hence for a given value of J, the quantum numbers K and M can each 
take on 2/+1 values, namely, —J, —J + l,. . . 1, J. Since the energy 

E in (25) is independent of M and depends only on the square of K, it 
follows that the state /, K is (2J+l)-fold degenerate if K— 0, and 
2(2/+l)-fold degenerate if K=f= 0. 4 

To obtain the selection rules of the rotator, we have to consider 
again the matrix elements of the components of the electric moment along 
fixed directions in space. We shall assume that the rotator possesses a 
permanent electric moment 2 Jt 0 along the symmetry axis. The com¬ 
ponents of the electric moments along the x, y, z axes are again given 
by expressions similar to (6), in fact by 

aw, = aw 0 cos 0, 2H„ ± = m 0 Sin « e . 

From (18), we readily obtain the following selection rules 

3W,(J,K,M; J',K',M')=0 unless K-K'=0, M-M = Q, 

(3W a ±i3W v )(J,/iC,M; J',K',M')=Q unless K—K' = 0, M—M'~ ±1. 

The selection rules for J must be obtained by considering integrals of 
the form 

■* As a special case of the symmetrical rotator, we may take the spherical 
rotator for which T he energy of rotation is given by (25) with 0=0 and 

accordingly, the level J is (2J+1) 2 —fold degenerate. As the permanent dipole 
moment is zero on account of the symmetry, such a spherically symmetrical rotator 
possesses no pure rotational spectrum. 
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Qj'K'm COS d dQ. 


It can be shown that this integral vanishes unless J—J'— 0, ± 1. From 
these we obtain the selection rules for the pure rotational spectrum 


AJ = 0, ± 1, AK = 0, AM = 0, ± 1. (28) 

The spectrum thus consists of a set of equidistant lines given by 

Vr = 4 „*/- (J + 1} ’ J = °' 11 2 ’.' (29) 


and is similar to that of a linear rotator of moment of inertia I. 

To find the intensity of the absorption line J—»/+1, we have to 
calculate again the square of the matrix element of the electric moment 
for the transition J+1-+J. As the energy of the rotator is independent 
of M, it again appears at first that one would have to take into account 
all possible transitions in M by summing the squares of the matrix 
elements over M from —J to J. But this is not necessary if we form 
the sum of the squares of the x , ?/, z components of the electric moment 
as in (14), and in fact the result in this case is 

I 3» (J + 1, K; J, K) | 2 = ( ^ 7 -) | 2» 0 ! 2 , (30) 

which is independent of M. Since the various transitions K-+K give 
the same frequency, the intensity of the line J—>J+1 is given by (11), 
(12), (13) and (31) 


Ejk 

3 I A (.2 g JK e~ *T ) 


|2»o| 2 2kC1- 

—j 


K 2 

(J + l) 2]e 


a«/(7-fl)~ap^:2 

* 

(31) 


where a=h 2 / (8tt I a kT). It is seen that the intensities are small for 
both high values and low values of J, and that for a certain value de¬ 
pending on the moments of inertia I a and Ic and also the temperature 
T, the intensity is maximum. It is also seen that (31) reduces, in the 
case of a linear rotator, i.e., Ic = 0 and K=0, to equation (16). 

C) Let us finally consider a molecule in general, namely, one 
whose principal moments of inertia are all different, TI&=t= Ic- The 
problem of finding the energy of such a rotator and its selection and 
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intensity rules has been investigated by a number of authors, 1 The 
mathematical treatment of the problem is more complicated than that 
of the symmetrical rotator. An excellent summary of the results has 
been given by Dennison. 5 * We shall again refer to this article for details 
and shall confine ourselves here to a brief statement of the results. 

Let the principal moments of inertia be Li</b<C/c and let the 
components of the angular momentum along these principal axes be 
Pa* Pb> Pc so that the Hamiltonian is 



In a system in which the square of the total angular momentum P*—P\ + 
P\ + P'c and also the component about the C axis Pc are given by 
diagonal matrices, i.e., 


P*(J, K; J , K) — J (J 4- 1) ( A-)* 

P C (J,K-,J,K) = K (-£-), (33) 


the Hamiltonian is non-diagonal. The non-vanishing elements are 
given by 

H(J,K;J,K)=\h(A +B) [J(J +1) - A*] + CK\ 
H(J,K-,J,K+2)=ih(A-B)UJ-KKJ-K-l)(J+K+l)(J+K+2)y,m 

where 

A = (ft/4« s / a ), B = (h/4n 2 I B ), C = (h/4* 2 Ic). 

The energies of the rotator are then given by the diagonal elements of 
the Hamiltonian in a system in which it is a diagonal matrix, i.e., by the 
secular equation 

|| H ( J , K; J, K 1 ) — E b (/, K\ J, K') || = 0, 


1 E. Witner, Proc. Acad. Nat. 13, 60, (1927); S. C. Wang, Phys. Rev. 34, 243, 
(1929) gave a wave mechanical treatment of the asymmetrical rotator in Which the 
energies are obtained from a secular equation. H. A. Kramers and G. P. Ittmann, 
Zeits. f. Phys. 53, 553; 58, 217, (1929); 60, 663, (1930) obtained the energies and 
the selection rules from the Lame differential equations. O. Klein, Zeits. f. Physik 
68, 730, (1929) gave the matrix mechanical treatment which is briefly outlined here 
after Dennison. 
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which on account of (34) looks as follows 



J j 

—1 




—J J' 

J'-l 




J 

m 

0 

* 

0 

0 

0 j 





J-l 

0 

♦ 

0 

* 

0 

o ! 





J —2 

* 

0 

* 

0 

* 0 

0 ! 






0 

♦ 

0 

♦ 

0 * 

o 1 





—J 

0 

0 

0 

0 

0 

* j 





J' 






♦ 

0 

4c 

0 

0 

J’-l 






j 0 

* 

0 

* 

0 

r-2 






* 

0 

* 

0 

0 







j 0 

* 

0 

* 0 



(35) 


= 0 . 


Since the determinant is diagonal in J , the equation separates into a 
number of sub-determinantal equations. For each value of J , the energies 
are given by the (2/ + 1) roots of the sub-determinantal equation 
which can be expressed in terms of the parameters I A > Ib> /c* Explicit 
algebraic equations for the energies for values of J up to 11 have been 
tabulated by Kramers and Ittmann, Dennison, Nielsen, 2 3 and by Randall, 
Dennison, Ginsberg and Weber. 4 From these equations, one can calculate 
the rotational energy levels for any molecule with given values for the 
1 A , Ib 9 Ic. In Fig. 17 is indicated the connection between the (2/-hi) 
levels (for J=3) of an asymmetrical rotator and the (/-hi) distinct 
levels in the limiting cases of the symmetrical rotators /b«/a and Ib^Ic- 
It is seen that the degeneracy in the levels K=f= 0 in the symmetrical 
rotators is removed in the case of the asymmetrical rotator. For con¬ 
venience, the 2/-hi levels are labelled with an indenx x which takes the 
values from J to —J iji the order of decreasing energies. 

2 D. M. Dennison, Rev. Mod. Phys. 3, 280, (1931). 

» H. H. Nielsen, Phys. Rev. 38, 1432, (1931). 

4 Randall, Dennison, Ginsberg and Weber, Phys. Rev. 62, 162, (1937). 
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K 



Fig. 17. Rotational energy levels (J = 3) of an asymmetrical 

rotator 


It is seen from the figure that when the rotator is only slightly 
asymmetric, i.e., Ib^Ia (or Ib^Ic)> the 2J+1 levels arrange themselves 
into narrow doublets, one for each value of K=fc0 in the case of the 
symmetrical rotator (or Ib^Ic) in the limit. This suggests a 

perturbation calculation of the energy of a slightly asymmetrical rotator, 
in which the difference between the Hamiltonians of the two rotators is 
treated as a perturbation on the symmetrical rotator. This perturbation 
gives rise to a splitting of each level Ki= 0 of the symmetrical rotator 
into a doublet, the level K —0 remaining single. It is seen from Fig. 17 
that the results of such a calculation are specially good for those levels 
with the largest values of K for which the splittings are small. We 
shall refer the reader to the original papers already cited and in par¬ 
ticular to the works of Mecke® for further details. 

The selection rules are again obtained from a consideration of the 
matrix elements of the components of the electric moment associated 

6 R. Mecke, Zeits. f. Physik 81, 313, (1933); chapter in Hand-und Jahrbuch 
der chemischen Physik 9/II, (1934). 
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with various changes of the rotational state. For this purpose, one needs 
the wave functions of the asymmetrical rotator. The wave function for 
any state J, x can be expressed as a linear combination of a proper set 
of the wave functions of the symmetrical rotator 

K 

tyj.TM ~~ C J X M ty JtK M (36) 

in which the coefficients are given by the minors of the determinant in 
(35). The symmetry properties of these wave functions, that is, the 
behavior of the wave functions upon certain operations on the rotational 
coordinates, can then be obtained by examining the properties of the 
wave functions of the symmetrical rotator. The results of a detailed 
investigation are the following: 

Let a coordinate system be fixed in the rotator, with the r\ f £ 
axes along the principal axes of moment of inertia 1 A > ht> lc respectively. 
We shall consider two operations: (a) rotation about the £ axis through 
ir, and (b) a rotation about the § axis through •*-. With respect to the 
the operation (a), the wave function of the highest level x =/ is unchang¬ 
ed, those of the next two levels x—J—1 and J— 2 change their signs, those 
of the next two t— J— 3 and /—4 remain unchanged, etc. With respect 
to (b), the wave function of the lowest level x — —J remains unchanged, 
those of the next two levels x=—J4-1 and — J+2 change their signs, those 
of x—— J+3 and —J f4 remain unchanged, etc. On denoting the even¬ 
ness and oddness of the wave functions by the 4- and the — sign respec¬ 
tively, we can represent the symmetry properties of the wave functions 
with respect to the operations (a) and (b) by the symbols (4- 4-), (4- —), 
(- 4-) or (-). 


The intensities of the pure rotational lines are determined by the 
matrix elements of the components of the permanent electric moment 
along the space axes x , y, z, namely. 


3W* — S J 9 'Fjtjvf cos x dx 


(37) 


the summation being over t|, As the integrations are taken over 
all the values of the rotational coordinates., i.e., the angles ft, q>, ip, the 
vanishing or non-vanishing of the matrix elements can be determined 
from the properties of the integrands. Reference to Fig. 16 shows that 
the components of the electric moments possess the following evenness 
or oddness with respect to the above two operations (a) and (b): 



HO VibratioTirRotational Spectra 

(a) (b) 

AAA 

SWg cos g *, 3cos | y, SWg cos 52 — + 

AAA 

2 W n cos tj x, a» n cos rj y, 9W,, cos r\z — — 

A A A 

cos % x, cos £ y, SDl^ cos \ z + — (38) 

Since the matrix elements in (37) do not vanish only if the in¬ 
tegrands are even with respect to rotations of the molecule about the 
£ and 5 axes through w, that is, with respect to the operations (a) and 
(b), the following selection rules are obtained on combining (38) with 
the symmetry properties of the wave functions of the rotational states: 

(1) If the permanent electric moment is along the axis of least 
moment of inertia, only transitions between states are active in absorp¬ 
tion, whose wave functions have the following properties with respect 
to the operations (a) and (b), 

( + -)<—> (-), or ( + + )+—♦(- +) 

(2) If the permanent electric moment is along the axis of middle 
moment of inertia (») axis), only transitions between states ( + +) <—> 
(— —), or ( + —)*—>(— +) are active in absorption. 

(3) If the permanent electric moment is along the axis of greatest 
moment of inertia (£ axis), only transitions between states ( + +) «—> 
( + —) or (— —)«•—»(— +) are active in absorption. 

(4) For all infrared active rotational lines, AJ= 0 , ±1. 

These selection rules greatly limit the possibility' of radiative 
transitions. Even then, however, the number of infrared active lines 
for a transition between two states J and 7+1 is still very much greater 
than the number in the corresponding transition J-» 7 +l in the symme¬ 
trical rotator. For example, the number of lines in the transitions 7=3, x 
to 7=4 ,t' of an asymmetrical rotator with the electric moment along 
the axis of middle moment of inertia is 16. In the case of the symme¬ 
trical rotator, the number of lines for the transitions 7=8 to 7=4 is 
only four according to (28) if the electric moment is along the axis of 
symmetry, and the number is 7 if the electric moment is perpendicular 
to the axis of symmetry (in a perpendicular vibration-rotational band, 
see the following section). For high values of 7, the number of lines 
in the case of the asymmetrical rotator is enormous. Thus the spectrum 
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of an asymmetrical rotator is very much more complicated than that of 
a symmetrical rotator. 

The intensities of the individual lines J, x—J', x ' of an asymme¬ 
trical rotator are given by the formulae (11), (12) and (13) in which 
the matrix elements 3 Jt (/, x; J', x') are more complicated functions of 
the quantum numbers than (15) and (30). We shall not go into the 
derivation of the expressions for the various matrix elements, not only 
because of their complexities, but also because of the fact that so far 
only in one or two case are the rotatoinal lines sufficiently well analyzed 
and their intensities measured to justify a comparison with the theore¬ 
tical values. In general, because of the Boltzmann factor that would 
appear in the expression for the intensities as in (16) and (31), the 
intensities of lines arising from levels with high values of J are small, 
especially in molecules whose moments of inertia are small. In the case 
of the water molecule, it was found that practically all the observed lines 
in the rotational spectrum in the region between 80 cm -1 and 500 cm -1 
can be accounted for by transitions between levels with J values below 
11.* In heavy molecules, however, transitions involving levels with 
higher values of J may have considerable intensities and the observed 
spectra may be expected to be even richer in lines than the water vapor 
spectrum. 

§2. Vibration-rotational Spectra 

So far we have considered the vibration and the rotation of a 
molecule separately. When we consider the simultaneous vibration and 
rotation, we may in a first approximation assume that the energy of a 

molecule is the sum of the vibrational energy of a non-rotating molecule 
and the rotational energy of a rigid rotator, i.e., 

E = E vib + E rot , (39) 

and that the wave function is the product of the wave functions of the 
vibrator and the rotator 


'V = MW • = MV • MV* (40) 

where V and R denote the totalities of the vibrational and the rotational 
quantum numbers respectively. The possibility of separating the energy 
of a rotating oscillator into Eva and E n t is not so obvious as it may 
seem, for the interactions between the vibrational and the rotational 
motions give rise to certain terms in the Hamiltonian function of the 



112 


Vibratior^Rotatioruol Spectra 


system that are not always small. It has been shown, however, by 
Eckart 1 and by Van Vleck 2 that a detailed treatment with the use of a 
properly chosen set of coordinates justifies the process of separation (39) 
and (40). In this section, we shall neglect these interactions and ex¬ 
amine the spectrum of a molecule on the basis of (39) and (40). 

With the energy of a molecule given by (39), one has only to 
consider the selection rules in order to obtain the spectrum of the 
molecule. For this purpose, it is necessary to examine the matrix 
elements of the components of the electric moment of the molecule along 
certain directions fixed in space. Consider a molecule in general (an 
asymmetrical rotator) and let a system of axes rj, £ be fixed in the 
molecule, their directions being along the principal axes of moment of 
inertia I A > Ib, Ic respectively. The electric moment along the 5 axis, 
for example, is given by (31) of Chap. IT, namely, 

(-*£-)/•+., (4.) 


and the component of the electric moment along the direction of the x- 
axis, for example, is given by (32a) of Chap. II, 


= 2 2K| 


A 

p.ns £ x 4- 


/ 33He \ 


(42) 


in which the summation in £ is taken over ip The matrix element 
of 3K„ associated with the transition V, R-»7', R' is given by 


m m (V,R; y',R') = S2W° i a Ux (R;R') *8(F, V') 

+| S ( x * (Vi F')«a ?x (R, R'), (43) 

where 

Xi (7; V') = f Jv X, y\> V ' dx, (44) 

and 

/ * A 

1 |J B cos % x ^ do. (45) 


i C. Eckart, Phys. Rev. 46, 383, (1934); 47, 652, (1936). 
* J. H. Van Vleck, Phvs. Rev. 47, 487, (1935). 
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’ the matrix element of the direction cosine cos associated 

with the rotational states It and R'. When there is no change in the 
vibrational state, i.e., V—V', the second term in (43) vanishes on account 
of (63) of Chap. Ill and the first term simply gives the selection rules 
for the pure rotational spectrum which we have already considered in the 
last section. In a transition involving a change in the vibrational state, 
the first term in (43) vanishes and (43) reduces to 


2K* (V, R; V\ R') = 2 ^ ) X { (F; V')-a %x {R-,R'). (43a) 


Entirely similar expressions hold for R; F', R') and3U, ( V , R; V', 

R'). Hence the selection rules are determined by the factors 
Xi(V) V') and ( R; R') for tj, 



A) Consider first the linear rotator. If in the transition of the 
vibrational state F,—*Fi+l the change of the electric moment lies in the 


direction of the symmetry axis. 



then the matrix elements 


of 3W 1 ,,2)f 3 ,,2Wa will not all vanish if a^ x (R; R') ,a^ y (R; R') and (R; R') 
do not all vanish. But the condition for this is just that given by (9), 
namely, 


AJ = ± 1 Am = 0, ± 1. 


( 46 ) 


Such a band is called a “parallel” type band. 

If in the transition F,—»F< + 1 the electric moment changes in direc¬ 
tions perpendicular to the symmetry axis, i.e., ^ 

then the matrix elements of will not all vanish if a^ x ( R ; R'), 

. a^ z (R; R'), .a n2 (R; R') do not all vanish. A detailed examina¬ 
tion shows that in this case, in addition to those allowed by (46), 
transitions A , 1=0 are also allowed. Such a band is called a ‘ perpen¬ 
dicular” type band. The appearance of these two types of bands can be 
obtained from the selections and the energy expression (4). 

“Parallel” bands AJ = ± 1 

Positive or R branch (J—*J 4-1): v = v 0 + ^^(tf + l) 


Negative or P branch (J + 1-+J): v —v 0 


h 

4 **/ 


(J + 1 ) 


( 47 ) 
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“Perpendicular” bands AJ = 0, ± 1 


Positive or R branch (*/—-f-1): 

V_Vo+ 4 n 1! / ( ‘ 7 + 1) 


Zero or Q branch (/—>*/) 

V — v 0 


Negative or P branch 


(.8) 


where v 0 is the frequency of the transition of the vibrational state alone, 
i.e., h v 0 = Ev+i — E v ■ Thus a perpendicular band of a linear molecule 
differs from a parallel band in the presence of a Q branch in the former, 
which consists of a large number of lines falling on one another. This 
exact coincidence of the lines in the Q branch corresponding to various 
transitions /->/, and the equidistant spacing of the lines in the R and 
the P branches result from our neglect of the interactions between the 
vibrational and the rotational motions of the molecule, but would be 
destroyed when they are taken into account. This will be discussed in 
§4 of this chapter. 

It is seen that the results obtained with the quantum theory above 
agree in the main with those of the classical theory (Chap. II, section 
4), except that the continuous distribution of the rotational frequencies 
according to the latter is now replaced by a discrete structure. 

The intensities of the rotational lines in the R branch of a parallel 
band are given by the equations (11), (12) and (13) in which v is given 
by (47). The intensities of the P branch lines can be obtained from 
(11), (12) and (13) by a proper change of the quantum numbers J and 
J+l appearing in them. 

B) For a symmetrical rotator, if the electric moment changes 
during the vibration along the symmetry axis, the selection rules are 

AAA 

given by the condition that the matrix elements of cos t,x, cos X,y, cos£z 
do not all vanish. This is seen to be the same as (28), namely, 

AJ = 0, =fc l; AK = 0; AM = 0 ± 1, (49) 

Such a band is called a “parallel” type band. 

If in the vibration the electric moment changes in directions 
perpendicular to the symmetry axis, say along the £— axis in Fig. 16, 
one has to consider the matrix elements of the components of the electric 
moment 




2K,=2 Jit sin cp sin 0; (cos <p dti sin <p cos 0) c 
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A little consideration shows that the selection rules for J and M are the 
same as in (49), but because of the factors sin q> and cos q>, the selection 
rule for K is now AK=± 1 . Hence one obtains 

A^ = 0 , ± l; AK = ± i; AM — 0 , =t 1 . (50) 

Such a band is called a “perpendicular” type band. 

The structure of the parallel and the perpendicular type bands 
can be obtained from the selection rules (49) and (60) and the energy 
expression (25). 

1 ) “Parallel” bands AJ — 0, =fc l; AK = 0 ; AM = 0 , ± 1 

Positive or R branch(J + 1): v = v 0 +-—( J + i) 

4 n‘I A 

Zero or Q branch (J -*J): v = v 0 

Negative or Pbranch(/ + l -»/): v = v 0 - (J + i) ( 51 ) 

4*v A 

The intensities of the various transitions are given by 
R branch: I(J-*J+1) = A S* 

Q branch: / (J -* J) = A 2 » 

JmQ-J *4" 1) 

P branch: I(J+1-*J) = + 1 ) (62) 

where 

A =- v>) TU-e"^), (63) 

3 (ZgjKe kT hc) 

and v is given by equations (51) for the corresponding expressions in 
(52), but can be given the value v D since v Q is in general large compared 

with t-vtt-(/+ 1). The general appearance of the parallel type band 

4 rtf I d 4 

is similar to that of a linear molecule, but with , the addition of a Q 
branch. When observed with a spectrometer with low dispersion so 
that the rotational lines are not resolved, the envelope presents a doublet 
structure with an intense Q branch. The separation between the in¬ 
tensity maxima of the doublet depends on the moments of inertia and 
the temperature of the absorbing gas, as can be seen from (52). 
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Qualitatively, the greater the moments of inertia of the molecule, the 
smaller will be this separation. 

2) “Perpendicular” bands A/=0, ±1; AfsT=±l; AM=0, ±1 

The structure of a perpendicular type band is much more com¬ 
plicated than that of a parallel band because of the many possible 
transitions K->K±1 for a given transition AJ=0, ±1. * Consider first 
the transitions in which K+1-+K. The frequencies of the band lines 
are given by 

R branch (J J + 1): v = v c + - ~~ [(/ + 1) — p (K + $)] 

Q branch (J ->J) : v = v 0 - —jL- p (K + \) (54) 

P branch (/ + 1 -> J): v = v Q + + 1 ) - p (K + *)]. 

For each given value of K, equations (54) represent a band similar to 
the parallel band (51), but displaced bodily to the low frequency side by 

r. 

where P is given by (26), and with this further differ¬ 
ence: Since |iT|~«/, the first line J —>/+l in the R branch arises from 
J=K+1 while the first line J+1-+J in the P branch arises from J=K. 
Thus /f+1 lines in the R branch and K lines in the P branch are missing 
near the center of this band. 

For transitions in which K-+K+ 1, one obtains, corresponding 
to (54), 

R branch f 1): 'V=v 0 +-J~- [(«J-Kl)+p(K+$)] 

Q branch (J^J) : v=v„ + p(J?+$) (55) 

P branch (/+i->/): v = v 0 + JV--[-(J + D+WK+i)]. 

These again represent a parallel type band displaced bodily to the high 

7 . 

frequency side of v Q by P (K+y 2 ), with the first K lines in the R 

branch and the K -f 1 lines in the P branch missing. 

The whole perpendicular band consists of the totality of all the 
bands represented by (54) and (55) for all values of K, as shown in 
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AK = O-i 



Fig. 18. Perpendicular type band of a symmetrical rotator. 


Fig. 18. Since the component bands (54) and (55) are placed at the 
interval (3 (h/4rc 2 I A ), the rotational lines of the various bands in general 
will not fall on one another, unless (3 happens to be an exact integer. 
Even then the effect of the interactions between the vibration and the 
rotation of the molecule will destroy the exact coincidence of the lines 
of the different component bands. Since the number of lines in the 
whole band is infinite (of course lines originating from levels of high 
values of J and K have low intensities on account of the Boltzmann 
factor), the absorption spectrum will be practically continuous with 
the Q branches of the component bands protruding more or less pro- 
minantly from the background. This is especially so when the band is 
observed with a spectrometer of only moderate dispersion. 

The intensities of the rotational lines given by (54) and (55) 
are given by the expressions 
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R branch; 7(7 ,K+i^J 

2(J -+* 1 ) 


Q branch; 7(7, K +1 -*J,K) 


.4%. (2J + 1)(J—K)(J+K + 1) -aJU+l)-afi(.K+l )* 

r 2/(7+i) 6 ^ 6) 


P branch: 7(7 + i,/f+1 -*J,K) 


a (7 +7l + 1)( «7+-K + 2) g —a(y+I)(./+2)—aPCK+J)* 
2(7 + 1) 


7? branch: 7(7,K->7 +1, if +1) = A- + K ±11 e -*JU+!)-<$ K * 

2(t/ + 1 ) 


Q branch: I (J,K-+J, K+\) 

(27 + l)(7-70(7+7C + l> -a/(7+l)-ap 

-A Sr 27(7 + 1) 


(57) 


P branch: 7(7+1 ,K-+J,K +1) = A v - - -e~“ (J+1)(J+2) ~° g g * 

2(t/ +1) 

where A is given by an expression similar to (53). 

With these expressions for the intensities, Gerhard and Dennison} 
have calculated the envelopes of the perpendicular bands of symmetrical 

rotators as a function of the parameter (? = ^ — 1, the assumption being 

*c 

made that the moment of inertia I a is not too small so that the summa¬ 
tions can be approximated by integrations. The forms of the envelopes 
for a few values of p are shown in Fig. 19. It is seen how strongly 
the general appearance of a perpendicular band depends on the values 
of the principal moments of inertia of the molecule. These authors 
have also shown how to obtain an estimate of the parameter (3 from (i) 
the ratio of the intensity of the Q branch to the total intensity of 


1 S. L. Gerhard and D. M. Dennison, Phys. Rev. 43, 197, (1933). 
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the whole band, and (ii) the separation of the intensity maxima in the 
two outer branches as compared with the separation in the parallel type 
bands of the same molecule, which is indicated by the two vertical lines 
under each curve. Although this method of Gerhard and Dennison is 
only approximate and holds only for molecules whose moments of inertia 
are not too small, nevertheless it furnishes an extremely useful criterion 
for the classification of the observed bands of a molecule and provides 
a check for the values of the moments of inertia obtained by other 
methods. 


P—i 


P=-i 


P=i 

P=1 


P=4 

Fig. 19. Envelopes of perpendicular type 
bands of symmetrical rotators, (a) p = — Va 
or 1 A —Val c . This corresponds to disk like 
molecules; (b) P =r — 4 or I A =g/ c ; (c) 

P=% or / A =| I c \ (d)p=l or I A = 21 c ; (e) 

P=4 or l A — 5/ c . 

C) The vibration-rotational bands of an asymmetrical rotator 
possess even more complicated structures than the perpendicular type 
bands of the symmetrical rotator. The energy of vibration and rotation 
is given by (39) in which E ro t is given by (35). The selection rules 
are given by (43a). It is seen from (43) that, since the matrix elements 
of the components of the electric moment in the pure rotational spectrum 
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and in the vibration-rotational spectrum depend in the same way on the 
rotational quantum numbers R and R' through the matrix elements 
<tt| x (R ; R'), t], £, x=x, y, z, the selection rules for the vibration- 

rotational lines must be the same as those for the pure rotational lines. 
These selection rules have been given in §1, C) of this chapter. 

The detailed structure of a vibration-rotational band is deter¬ 
mined by (1) the values of the principal moments of inertia which deter¬ 
mine the positions of the energy levels and also the intensities of the 
various allowed transitions through the Boltzmann factors, and (2) the 
direction of the change of the electric moment during the vibration, 
which determines the selection rules and hence the pattern of the band. 
Dennison 1 has calculated the rotational lines involing levels / up to 4 
of a planar asymmetrical rotator, Ia+Ib=Ic, for values of q—1a/Ib 
from 0.10 to 1.0, for both cases in which the electric moment changes 
along the axes of I A and In • While the calculated patterns are already 
very complicated and will be even more so when transitions involving 
higher values of J are included (as it must be done in the case of 
molecules whose moments of inertia are not small), the following qualita¬ 
tive statements can be made: 

(1) If the change of the electric moment is along the axis of 
least moment of inertia I A (type A band), there is an accumulation of 
lines (arising from transitions J, v-+J, t') near the center of the band, 
giving the appearance of a Q branch which is the sharper the smaller 
the value Q^Ia/Ib- For very small values of <?, i.e., for a rotator which 
is only slightly asymmetrical, Nielsen 2 has calculated the rotational 
structure and found that it is similar to the parallel band of a symme¬ 
trical rotator, but with the Q branch and each individual line J-+J± 1 
split into a number of lines. For q <0.1, the splittings are small and 
the separations between these groups of fine structure lines are appro¬ 
ximately given by g ■ This result can be easily understood from 

Fig. 17 and the perturbation method for the calculation of the energies 
of a slightly asymmetrical rotator. Certain bands of such molecules as 
formaldehyde OCH 2 and ethylene C 2 H 2 when observed with very high 
dispersion and resolution should exhibit this fine structure of each rota¬ 
tional “line”. A calculation shows, however, that the moments of in- 

1 D. M. Dennison, Rev. Mod. Phys. 3, 280, (1931). 

2 H. H. Nielsen, Phys. Rev. 38, 1432, (1931). 
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ertia of these molecules are such that experimentally it is very difficult 
to observe these splittings. 


(2) If the change of the electric moment is along the axis of 
the middle moment of inertia Ib (type B band), the rotational lines 
gather on the two sides of the band center v 0 , producing an apparent 
gap at the center. It is seen that in the limit 0=1, both the A and 
the B type bands reduce to the perpendicular type band of a symmetrical 
rotator, with Ia^Ib = i Ic> According to (54) and (55), such a band 
consists of a number of lines (each of which in turn consists of a 


number of coincident lines) at distances 


h 


StPIc 


(Yz+n) from the cen¬ 


ter, where n=0, 1, 2, 3 


(3) If the change of the electric moment is along the axis of 
greatest moment of inertia I c (type C band), there is again an accumu¬ 
lation of lines near the center of the band, giving the appearance of a 
strong “Q” branch. In the limit of Ia=*Ib, the structure reduces to 
that of the parallel type band of a symmetrical rotator (a disk-like 
molecule). The rotational structure for very small values of 0 for plane 
molecules has also been calculated by Nielsen. 


Very recently, Badger and Zumwalt 3 have calculated the band 
envelopes of these three types of bands in the same way as Gerhard 
and Dennison have done for the symmetrical rotators. The asymmetry 


of the molecules is given by two parameters 



1 

7a 



and 0 =a ^»(‘J“ — ■7 C ). I* 1 the limiting cases of ( i ) a planar molecule 

Uc^Ia + Ib), (H) a symmetrical disk-like molecule (Ic «=* 2/a), and (in) 
a symmetrical long cylindrical molecule (/s=/c), the values of these 

parameters are (i) 5 = 2 ^^^— 1 , q**1%/Ia(Ia+Ib) (ii) S=l, q=Vz, (Hi) 


S=— 1, 0 *=^—1 respectively. The results for a few values of 0 for 

S=—i/ 2 , 0, Y% are given in Fig. 20. With spectrometers of moderate 
or even high resolution, it is only these band envelopes that are usually 
observed, except in the case of a few molecules whose moments 
of inertia are small, like H 2 0 and H 2 S. It is seen that the marked 
difference in the envelopes of these different types of bands is ex¬ 
tremely useful in the classification of the observed bands of a molecule. 


• R. M. Badger and L. R. Zumwalt, Jour. Chem. Phys. 6, 711, (1938). 
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0 1.0 o to o i,o 


Fig. 20. Envelopes of “A,” “B,” “C” type vibration-rotational bands of asym¬ 
metrical rotators. Ordinates are absorption coefficients; abscissa are in units 
of x=(v—v 0 )jc(2B/kT)i. (a) curves in solid lines,<?=£; (b) curves in dashed 
lines, (c) curves in dote and dashes, Q = V,i. Rectangles indicate the 

total intensities of the Q branches. Only one half of each band is shown. 

§3. Nuclear Spins and Intensities of Rotational Lines 

In the last section, we have obtained the intensities of the rota¬ 
tional lines in the vibration-rotational bands of a molecule from con¬ 
siderations of the matrix elements of the electric moment for various 
transitions, and the statistical weights of the various states; that is, from 
considerations of the vibrational and rotational wave functions alone. 
In addition to these, however, the complete wave function of a molecule 
contains a part for the electronic motions and another part for the 
nuclear spins of the atoms in the molecule. In this section, we shall 
indicate how the inclusion of the spins of the nuclei may affect the 
intensity and the selection rules in the spectrum of a molecule, and shall 
only treat the case of the linear symmetrical YX 2 molecule as an example. 
For other important molecular models such as the triangular YX 2 , planar 
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YX S and axially symmetrical YX 3 and ZYX 3 and tetrahedral YX 4 , we 
shall again refer the reader to the work of Dennison 1 on which the fol¬ 
lowing is based. 

Consider a system of particles, an atom or a molecule, of which 
two, say, are identical. The wave function of the system ip must be 
such that 


ip ty dx = 1, 


(58) 


in which the integration is taken over all possible values of the coordi¬ 
nates of all the particles in the system. If the two identical particles, 
denoted simply as 1 and 2, be interchanged, the value of the integral 

ft 

(58) must evidently remain unchanged, since dx, which gives the 
probability of finding the system in the volume element dx , is not chang¬ 
ed by interchanging two particles that are identical. There are two 
possibilities, however, for the behavior of the wave function towards 
such an interchange, that leave the integral (58) unchanged, namely, 
the wave function may either remain unchanged, or merely change 
its sign upon the interchange of the two identical particles. 


^#( 1 , 2 ) = ^*( 2 , 1 ), 
1p a (1, 2) =— (2, 1). 


(59) 


In the first case, the wave function is said to be symmetrical with respect 
to the two particles and in the second case antisymmetrical. Since both 
classes of these wave functions answer the requirement of leaving (58) 
invariant, it seems that they may both be employed for the description 
of the state of the system. It can be shown, however, that no physical 
quantities may have a non-vanishing matrix element connecting states 
whose wave functions belong to different classes. 2 Hence if both classes 
of wave functions do exist, they must be independent of each other. A 
profound hypothesis in the quantum mechanics states, however, that in 


1 D. M. Dennison, Rev. Mod. Phys. 3, 280, (1931). 

2 For consider any physical quantity F of the system. As such, it must remain 
unchanged upon the interchange of two ideneical particles, i.e., F(l, 2)=F(2, 1). 
Now on interchanging the two particles, the matrix element of F 




F y dx 

a 


must remain unchanged since interchanging 1 and 2 simply amounts to a change 
of the names of the variables of integration. But as the antisymmetrical function 
goes into its negative upon this interchange, the value of the integral must also 
change its sign upon this interchange. It follows that the integral can only be zero. 
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nature only one class of wave functions exists, which is of the anti- 
symmetrical class for elementary particles like electrons and protons 
(which obey the Fermi-Dirac statistics) but is of the symmetrical class 
for particles like the helium nuclei which obey the Bose-Einstein statis¬ 
tics. In the case of the electrons in an atom, this hypothesis is 
equivalent to the Pauli Exclusion Principle which is fundamental in 
the theory of the structure of atoms. 

Now in a molecule the energies associated with electronic, vibra¬ 
tional, rotational motions and the nuclear spins are such that 

E.»E v »E r »E a . (60) 

Because of this, the Schrodinger equation of the whole molecule may be 
solved in a first approximation by assuming the wave function to be a 
product of the electronic, vibrational, rotational and the nuclear spin 
wave functions each of which is a function of the respective coordinates 

¥ = V* • 'VN • Vr • (61) 

The requirement that the total wave function of the system be anti- 
symmetrical with respect to the interchange of two atoms can be met 
by the following eight possibilities for the symmetry properties of the 
individual wave functions. 


(1) 

electronic 

s 

vibrational 

8 

rotational 

a 

nuclear spin 
s 

(2) 

s 

a 

s 

s 

(3) 

a 

s 

8 

s 

(4) 

a 

a 

a 

8 (62s) 

(5) 

8 

s 

8 

a 

(6) 

s 

a 

a 

a 

(7) 

a 

8 

a 

a 

(8) 

a 

a 

s 

a (62a) 


where s under the heading “electronic” means that the electronic part 
of the wave function is symmetrical with respect to the interchange of 
the two identical particles, etc. In the first four classes of wave func¬ 
tions (62s), the nuclear spin part is symmetrical with respect to the 
interchange, while in the second four classes (62a), it is antisymmetrical. 

We can now show that no radiative transitions can take place 
between two states whose wave functions belong to (62s) and 
(62a) groups. Consider the matrix elements of the electric moment 
of the system. As the electric moment can not depend on the spins of 
the atomic nuclei (or more exactly speaking, it can only depend very 
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slightly on the nuclear spins), it follows that the matrix element con¬ 
tains the integral /* S a dox do 2 as a factor, which vanishes for the 
same reason as given before. 3 

When we confine ourselves to the vibration-rotational spectrum 
of a molecule arising from transitions involving changes only in the 
vibrational and the rotational states but not in the electronic states, we 
have only to consider the following possibilities in the transitions: 

(1) ► (1) (3) 4—» (3) (5) 4—* (5) (7) 4—> (7) 

(1) 4—» (2) (3) 4—> (4) (5) 4— > (6) (7) 4—» (8) (63) 

(2) 4—> (2) (4) 4— > (4) (6) * (6) (8) <—* (8) 

namely, transitions between states whose wave functions have the same 
symmetry character in the vibrational and rotational parts combined 
together, and the same symmetry character in the electronic and the 
nuclear spin parts separately. 

The above results can be readily generalized to systems contain¬ 
ing any number of identical particles. The effect of these considera¬ 
tions on the spectrum of a molecule may perhaps be best made clear by 
the following example. 

Consider a symmetrical linear molecule YX 2 . For the vibrational 
motions, we shall employ the coordinates <j, q, £ defined in (81) of 
Chap. III. As the degenerate vibration v 2 is equivalent to a rotation 
of the Y and the two X atoms about a line parallel to the X-X line 
and going through the center of gravity of the molecule, we may in 
an approximation regard the molecule as a symmetrical rotator and in¬ 
troduce the Euler's angles ft, ip, q> as shown in Fig. 21. The coordinate 

8 This obtains because the effect of the nuclear spins is exceedingly small since 
the nuclear magnetic moments are in general of the order of a few thousandths of 
a Bohr magneton. In a system containing two electrons like the helium atom, the 
two classes of wave functions with their spin parts symmetrical and antisymmetrical 
correspond to two classes of non-combining states, namely, the triplet and the singlet 
states respectively. In the case of such heavy atoms as mercury, it is found that 
there are transitions between the singlet and the triple states. This is due to 
the fact that in such heavy atoms, the spin-orbit interactions (as represented by 
the multiplet splittings) are quite large, in fact they are of the same order of 
magnitude as the interactions between the two electrons (as represented by the 
singlet-triplet separations). In molecules, however, no transitions between states with 
wave functions differing in the symmetry properties in their spin parts may arise, 
since the effect of the nuclear spins is always small. 
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i 



Fig. 21. Rotational coordinates of 
symmetrical YX 2 molecule 


axes i)> X> are 80 chosen that £ is 
along* a line parallel to the X 2 line and 
| perpendicular to this line and going 
through the Y atom, the origin being 
at the c.g. of the molecule. The angle 
qp measures the angle of rotation about 
the X, axis, and is hence identical with 
the angle qp introduced in Section 1, 
C and also (80) of Chap. III. The 
vibrational and rotational wave func¬ 
tions are, according to (82) of Chap. 
Ill and (18), (21) of this chapter, 


M’t, 1 ( or )-4 , „ 2 i(0)*^ 1 ; s (?)sin <2 ~ co s*|-F(si n!! -|-).e lZ ' )p e lM V . (64) 


The symmetry properties of these wave functions with respect to the 
interchange of the two X atoms can be ascertained on the following 
considerations: Interchanging the two X atoms is brought about by a 
rotation of the Ij, rj, £ system about the £ —axis through jt. Remember¬ 
ing the meanings of the Euler’s angles, 4 one can easily verify that the 
rotation about £ through n changes the Euler’s angles 0 into n —■&, \j> 
into and <p into it— q>. The wave functions ■tytu (o) and (q) 

are sysmetrical with respect to the interchange for all values of i’i and 
v 2 , since these vibrations are symmetrical with respect to the £ —axis 
and reversing the direction of the X-X line leaves the system unchanged. 
The wave function (|) is symmetrical (or antisymmetrical) with 
respect to the interchange of the X atoms for v a even (or odd) on ac¬ 
count of the properties of the Hermitian function and the fact that the 
coordinate | changes sign upon reversing the direction of the X-X line. 
For the rotational wave functions, let us first consider those levels with 
1=0. Then according to (21), d=s=M, and upon the above changes of 
the Euler’s angles, 

sin M ( *_±y oa M (*-!.)*«*<*+»> 

= =fc sir^ — cos M 4 e 1 ^ for (66) 

2 2 'odd . 


4 A rotation about the space z-axis through ip brings the space ar-axis into 
coincidence with the K-axis, the intersection between the and the x-y planes. A 
rotation now about K through 0 brings the z-axis into coincidence with the t-axis. 
Finally a rotation about the £-axis through <p brings the x-axis into coincidence with 
the 5-axis and hence the y-axis with the Tj-axis simultaneously. 



Nuclear Spins and Intensities of Rotational Lines 


127 


It can be shown from the expression (24) for F(t) =F^sin* ~^and (23), 
(27) that 

F (cos*—) = ± F (sin 2 —) for J — M = | e ^ 8n (eg) 

2 2 lodd 

Hence for states 1=0, the total rotational wave function is symmetrical 
and antisymmetrical with respect to the interchange of the X atoms 
for J= even and odd respectively. 

For states with 14= 0, each rotational level is doubly degenerate. 

One may form the combinations - 7 = (e il(p ± e~ il V). Upon the change 

cp—> jc— qp, one of these wave functions is symmetrical and the other is 
antisymmetrical. Similar arguments as above hold for the parts de¬ 
pending on ■& and i|>. Hence for 14= 0, each level consists in fact of a 
pair of coincident levels, one with symmetrical and one with anti¬ 
symmetrical rotational wave function. 

Now let us consider the nuclear spin wave functions. If the 
nucleus of the X atoms possesses a spin angular momentum s (in units 
of h/2n), then its component along a certain direction in space (say, 
a preferential direction furnished by an external magnetic field) may 
take on 2s+1 values M« for each of which there is one spin wave func¬ 
tion Sul'- For two X atoms there are (2s + l) 2 wave functions Sm^ox) 
Sii tj (a 2 ) • Of these there are 2s+1 for which Af« = M,j and hence 
they are symmetrical with respect to the interchange of the X atoms. 
The rest 2s(2s+l) wave functions can be grouped in pairs in the form 
Su t i (Oi) SM 8j (a 2 ) and Su ti (a 2 ) Sju tj ( 01 ). In the approximation in which 

the interaction between the nuclear spins is neglected, these two wave 
functions correspond to the same energy of the molecule and hence 
the state is degenerate. This degeneracy is removed by taking into con¬ 
sideration the interaction between the nuclear spins, and the correct 

wave functions are then the combinations ( 01 ) Sm, } (o a ) ± 

Sm h (o 2 ) Su tj ( 01 ) J . Of these the s(2s + l) with the + sign are 

symmetrical and the s(2s+l) with the negative sign are antisymmetrical 
with respect to the interchange. Hence there are altogether (s+1) 
(2s+l) symmetrical and s(2s+l) antisymmetrical spin wave functions. 
Since the splittings of the energy levels due to the spin interactions are 
too small to reveal themselves in the spectrum, for all purposes we may 
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regard all the levels as coincident, their statistical weights due to the 
spin degeneracy being given by (s+l)(2s+l) and s (2s+l). 

We are now in a position to obtain the intensities of the rotational 
lines of the various vibration-rotational bands of the linear symmetrical 
YX 2 molecule. First consider the fundamental bands. The transition 
v u v- 2 , t’ 3 =0,0,0 to 1,0,0 has zero intensity as the change of the electric 
moment during the vibration vi is zero. In the transition 0,0,0-»0,l,0 
so that 1=0 and l'= 1, the symmetry characters of the rotation 
levels in the upper and the lower vibratinal states are as 
shown in Fig. 22 in which levels differing in symmetry properties in 
the spin parts of their wave functions are represented by solid and 
dotted lines. 



Fig*. 22. Rotational structure of V 2 
band of linear YX 2 


# Let us assume, for the sake of definiteness, that the total wave 
function of the molecule is antisymmetrical with respect to the two X 
atoms (i.e., the nuclear spin of the X atom is half integral). Then 
according to (63), we distinquish between two types of transitions in 
J as follows: 
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0-»l, 

2 —» 3, 

4 —> 5,. 

in the R branch 


2 —> 2 , 

4 —> 4, 

in the Q branch 

2 —> I, 

4 —> 3, 

G -> 5,. 

in the P branch 

1 -* 2 , 

3 — > 4, 

5 —> 6, . 

in the R branch 


3 —> 3, 

5 -» 5, . 

in the Q branch 


3->2, 

5 -> 4, . 

in the P branch 


(67a) 


(67b) 


The transitions in (67a) involve levels whose spin wave functions 
are antisymmetrical, while those in (67b) involve levels whose spin 
wave functions are symmetrical. As the 


statistical weights of the levels involved 
in (67a) and (67b) are in the ratio s: 
(s*Fl), it follows that the lines in (67a) 
and (67b) have a relative intensity ratio 
s: (s-fl), besides the factors given by 
(11), (12), (13) and (15). This causes 
an alternating intensity in the lines of 
the of the R, Q and P branches. 

For the transition 0 , 0 , 0 ,--> 0 , 0 , 1 . 
the V 3 fundamental, the vibrational wave 
function of the upper state is antisym¬ 
metrical, but that of the normal state is 
symmetrical as before. In this case, the 
symmetry characters of the rotational 
levels of the upper state are as shown in 
Fig. 23 (the total wave function is still 
assumed to be antisymmetrical with re¬ 
spect to the two X atoms as in Fig. 22 ) B . 
According to (63), we again distinguish 
between two types of transitions in J, 
namely, 



Fig. 23. Rotational structure of 
V 3 band of linear YX 2 


r » If the total wave function is symmetrical with respect to the two X atoms 
(i.e., the nuclear spin of the X atom is whole integral multiple of h/2n), we have 
only to change the symmetry characters a and s under the heading “spin” in Figs. 
22 and 23. The arguments remain unchanged. 
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0 —> 1, 

2 —» 3, 

4 5, •• 

-- in ti.e R branch 

2 > 1, 

4 -» 3, 

6 —> 5, • 

- in the P branch 

I -»2, 

3 —> 4, 

5 —> 6, — 

.* in the R branch 

I —> 0, 

3 —» 2, 

5 —> 4, - 

*. in the P branch 


(68a) 

(68b) 


Here there is no possibility for A<7=0 and the Q branch is missing. The 
R and P branch lines again show the alternating intensity ratio s:(s+l) 
as before. 

Let us finally consider the transition from the excited state 
0,1,0 ->0,2,0 so that £= 1 and l'— 2. In this case, the vibrational wave 
functions are symmetrical for both the upper and the lower states. The 
symmetry characters of the rotational levels of the lower state are those 
shown for the upper state in Fig. 22, while those for the upper state 
are similar, except with J begining with 2. It is easy to see that in this 
case each line in the R, Q, and P branches 


I— >2, 2—>3, 3 —> 4,. in the R branch 

2 —» 2, 3 —> 3,. in the Q branch (69) 

2 —> 1, 3 —> 2, 4 —> 3,. in the P branch 

arises from two transitions, one involving levels with antisymmetrical 
spin wave functions and the other symmetrical spin wave functions. 
Hence in such a band, no alternating intensities result as in the above 
fundamental bands. 

In exactly the same way, the rotational lines of any harmonic 
or combination band can be examined. 

The above results are not only applicable to the YX 2 molecules, 
but also to such molecules as actylene C 2 H 2 or C 2 D 2 and dicyanine 
C 2 N 2 , since the nuclear spin of the carbon atom is zero and we have 
only to consider the wave functions of the two H, D, or N atoms. 

A very interesting case of the linear YX 2 molecule is when the 
nucleus of the X atom possesses no spin, i.e., 0. In this case, the 

levels involved in (67b) and (68b) are non-existent and the lines in 
(67b) and (68b) are missing. This is found to be the case in the 
carbon dioxide molecule. 

The inclusion of the nuclear spins in the consideration of the 
symmetry properties of the rotational states of a molecule containing 
two or more identical atoms is important not only because it accounts 
for such phenonema as alternating intensities or missing lines in the 
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vibration-rotational bands, but also because it furnishes a means for 
the determination of the spins of atomic nuclei. In fact, it is in this 
way that the spins of a number of atomic nuclei are obtained. 

§4. Interactions between Vibrations and Rotations 

The separate treatment in §2 of the vibration and the rotation 
of a molecule constitutes only what may be called an initial approxima¬ 
tion to the actual problem, namely, the simultaneous vibration and rota¬ 
tion of a molecule. In this section we wish to show that certain features 
in the structure of the vibration-rotational bands of molecules which 
are not explained in the simple theory of §2 can be explained by taking 
into consideration the interactions between the vibrations and the rota¬ 
tions of the molecule. 

A) Convergence in Vibration-rotational Lines 

According to the simple theory of §2, the spacings of the rota¬ 
tional lines in the vibration-rotational bands of a linear molecule or a 
symmetrical top molecule are equidistant (see equations (47), (48), (51), 
(54) and (55)). It is found experimentally, however, that this is not 
the case; that there is usually a crowding together of the lines in the 
R branch and a spreading of the lines in the P branch, for high values 
of J. (see Fig. 24 below). This “convergence” of the lines can be shown 
to arise from the effect of the interactions between vibration and rota¬ 
tion of the molecule. To include this effect into the theory, it would 
be necessary to start with a Schroedinger equation in which the Hamil¬ 
tonian is a function of all the coordinates of the atomic nuclei, which 
are subject only to the condition of conservation of linear momemtum 
(this amounts to the separation of the translational motion of the mole¬ 
cule as a whole from the Schrodinger equation). The exact solution 
of this equation is very difficult, if not impossible, for a molecule in 
general. Even in the case of a diatomic molecule, certain approxima¬ 
tions must be made in obtaining a solution 1 . We shall in the following 
only give the treatment for the diatomic molecule as an illustration of 
the effect of the interactions. For more complicated molecules, the effect 
would be similar, although the analyses are milch more complicated and 
further approximations are necessary in order to simplify the problem. 
In these cases, we shall be contented with the results that have been 
obtained rather than their detailed treatments. 

1 J. L. Dunham, Phys. Rev. 41, 713, (1932), treats the problem of interaction 
between vibration and rotation by the W. K. B. method. See also J. E. Rosenthal 
and L. Motz, Phys. Rev. 51, 378, (1937). 
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Consider now a diatomic molecule of reduced mass /*, and let r 
be the internuclear distance (equilibrium separation r 0 ),*& and <p be the 
polar angles which the internuclear line makes with a fixed coordinate 
system. The Schrodinger equation can be shown to separate into the 
following three equations 

= (70) 


hdr 1 (E - F) -T^=°- 


(71) 

(72) 


The separation constants m and C can be shown, in the same way as in 
(2) and (3), to be as follows: an integer, either positive or negative, 

and C~J(J+1) where J is a positive integer. If the potential energy 
V (r) of the molecule as a function of the nuclear separation be given 
by the Morse function (25) of Chap. Ill, equation (72) becomes 


£-<»&> + !5i [ ?z D +&-d- -dSw-o. 


y dy dy 


a 2 h 2 


y* 


V 

in which 

ii i = rR . v = v_ A — „ 

8Jtyr 

To solve this equation, let us expand (r 0 /r) 2 as follows: 2 
log y v- 52 
ar Q 


y r* 


w* 3 + !)• 




(73) 

(74) 


+ (--£ +-|* ; ) (.-If +.. (75) 

On neglecting higher powers of (y — 1) than the second, equation (73) 
becomes 


+ [ fc?' -d>+CJ], = 0 (76) 


where 

C 0 =A(l- 


oW 
3 


ar 0 


aVi 


), C, = A( - 


ar„ 


6 ), C,=A(- ' 


a*r« 


ar 0 


®_ ) 

8~2 '* 


a*r 


On making the substitutions similar to (27) and (28) of Chap. Ill, 

_ 2 P 

ip = e 2 z 2 F(z), 


a C. L. Pekeris, Phys. Rev. 45, 98, (1934). 
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z-2ay, 


2rtv /_ 2n(D‘+C’..) a 2 h 2 fi 2 

a-- , E—D—C 0 — —Vq>w2„ ’ (77) 


a/i ’ " ~ 32«*|i ’ 

and proceeding in exactly the same way as in (29)-(33) of Chap. Ill, 
one obtains to a first approximation the eigenvalues 

E/h = v (v + i) - xv (v + i) 2 + B 0 J (/ + l) 

— a * (v + i) J (J + 1) — (J + l) 2 (78) 

in which v and x are given by (32) and (33) of Chap. Ill, and 


B 0 = 


h 

8Jt 2 / D c ’ 


5=4-B'- < 79 > 


For convenience, all the quantities v, xv B 0 , a* and £ in (78) and (79) 
are expressed in wave numbers (cm -1 ), i.e., the frequency divided by 
the velocity of light c. The first two terms in (78) are the energy of 
the non-rotating oscillator, the third term is the energy of the non¬ 
vibrating rotator, the fourth term represents the energy due to the in¬ 
teractions between vibration and rotation,and the last term represents 
the effect of the centrifugal action on the rotational energy. 


3 In the above derivation of the term — %) (J + l) J, it is perhaps not 

very clear just how the interactions between vibration rotation produce this energy 
change. We shall see that this energy change comes about from two causes: First, 
because of the vibration, the moment of inertia I of the molecule is not a constant, 
but varies periodically. To find the change in the energy of rotation due to this 
change in the moment of inertia, we may in a first approximation regard the vibra¬ 
tion as simple harmonic. A detailed analysis shows that the energy change is given 

f>f? 2 

by the second term in a # in (79), which is independent of x, namely ,—~ (v -f- V 2 ) J {J -j-1). 

This term is positive since the effective moment of inertia during the vibration 
can be shown to be less than the equilibrium value / 0 and since the energy of rotation 
depends of I through 1/7. Secondly, the centrifugal force developed by the rotation 
stretches the separation between the atoms by an amount depending on both the 
force constant between them and the state of rotation. If the vibration is strictly 
simple harmonic, this displacement of the equilibrium separation will not change 
the frequency of vibration in a first approximation. If the vibration is anharmonic, 
an analysis shows that the frequency and hence the energy of vibration are changed 
by amounts depending on both the anharmonic potential and the state of rotation. 
In the case of the anharmonic oscillator with the Morse potential, this energy change 

is given by the first term of a # in (79), namely, —6Bc% (v-b%)/(«/-|-l). This 

term rs negative. As 7? 0 <xv for all molecules whose spectra are known, it follows 
that the total energy change in (78) is negative. 

This situation is more clearly brought out by the treatments of the linear YX 2 
molecule by Adel and Dennison, Phys. Rev. 44, 99, (1933), and of C 2 H 2 by T. Y. Wu, 
to appear in Jour. Chem. Phys. (1940). 
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Before considering the change in the structure of the vibration- 
rotational band brought about by the terms in a, and 5, it is well to have 
some idea as to the order of magnitude of the various terms in the energy 
expression (78) for a few common molecules. For the hydrogen halides, 
the observed values of v, «v, B ot a and 1 are as follows : 4 



v cm -1 

xv cm" 1 

Bo cm -1 

IoXlC^O 

O 0 cm” 1 

5 cm -1 


HF 

4141 

90.8 

20.924 

1.322 

0.703 

0.00215 


HC1 

2989 

51.05 

10.591 

2.012 

0.302 

0.00052 


HBr 

2649.7 

(44) 

8.476 

3.263 

0.230 

0.00034 



Table III 

It is seen that the effect of the last term in (78) is small in these 
molecules. It is found that in other molecules not containing hydrogen, 
the values of B a and a e are usually smaller than those given above and 
the term in § can be entirely neglected except for very high values of J. 

Consider now the vibration-rotational band corresponding to the 
transition in v from 0 to 1. The frequencies of the rotational lines in 
the R and P branches are given by 

R branch J—>J +1: v = v Q — 2xv 0 + 2B 0 (J + l) — a e (J +1)(7 + 3) — 4£(J + 1) 3 » 

P branch J + 1 —>J: v=v 0 —2crv 0 —2 B 0 (J + 1) —a.(J — 1)(J +1) + 4^(J + 1)*, 

or 

v = v 0 (1 — 2x) + 2 ( B 0 — a,) m — a, w 2 — 4 £ m* (80) 

where m— ±1, ±2, ±3,. It is seen that the term — a»m 2 gives 

rise to a “convergence” of the rotational lines, that is, a crowding of 
the lines in the R branch and a spreading of the lines in the P branch, 
as the ordinal number m of the lines increases. The effect of the term 
4 ? m B is to accentuate the crowding of the lines in the R branch but 
to offset the spreading in the P branch. As 4 the effect of the 

a, m 2 term always predominates. Typical examples of this convergence 
are found in the infrared absorption bands of the hydrogen halides. 
The following figure is taken from the work of Meyer and Levin. 6 

4 H. Sponer, Molekulspektren , I, P. 26, (1936). 

6 C. F. Meyer and A. Levin, Phys. Rev. 34, 44, (1929); analysis of data 
by W. F. Colby, Phys. Rev. 34, 53, (1929). 
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the presence of the two isotopes 35 and 37 of chlorine. 


The general theory of the energy of a vibrating rotating molecule 
has been studied by Eckart, Van Vleck, Wilson and Howard, 6 and has 
been applied to the case of a linear triatomic molecule by Weinberg and 
Eckart, 7 8 and a linear tetratomic molecule by Sayvetz* and Wu. 9 
It is beyond the scope of this volume to give the general theory; but the 
idea and the results can be sufficiently made clear by taking the symme¬ 
trical linear YX 2 molecule as an example. For the general and other 
particular cases, reference must be made to the above mentioned papers. 

Let a moving coordinate system be chosen as shown in Fig. 21. 
Let the coordinates of the ith atom in this moving system be Tp, 
and let the normal coordinates of the vibrations Vi, v 2 , v 3 be q if q 2 , 
(Fig. 3). Then from the choice of the moving system and the nature 
of the normal vibrations, one has 

= 0 , t )» = bi q 2t 5=3 Ci 4 - cn qi + c%s <?3 ( 81 ) 

where c< is the equilibrium distance of the ith atom from the origin. 
The condition that the origin of the moving system always lie at the 
centre of mass 


2 mi = 2 w< t\i ** 2 mi = 0 

and the condition that the angular momentum be zero as the equilibrium 
configuration is approached 


6 C. Eckart; J. H. Van Vleck; see references on P. 112; E. B. Wilson, Jr. 
and J. B. Howard, Jour. Chem. Phys. 4, 260, (1936). 

7 A. Weinberg and C. Eckart. ibid. 5, 517, (1937); also A. Adel and D. M. 
Dennison, Phys. Rev. 44, 99, (1933). 

8 A. Sayvetz, Jour. Chem. Phys. 7, 383, (1939). 

9 T. Y. Wu, to appear in Jour, Chem. Phys. (1940). 
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lead to 


Iim 2 mi (rj,- £< — ip) = 0 
q —>Q 


2 Wi Ci = 2 m.i bi = 2 cu => 2m» c,- s = 0 

2 Wi &i e< = 2 mi bi cn — 2 m< 6; c< 3 = 0- 


( 82 ) 


These relations completely determine the coefficients bi and c (jL except 
for a multiplicative constant. Following- Weinberg and Eekart, we shall 
let 


. . If m 2 M U , 2 « f m*M U 

6 i - 63 - m a [ M+2m J > & 2 m ' [ ,Vi+ 2 w J ’ 

Cis = C; f: i — 61, C23 = 0 , C21 = 0 


(83) 


Cn “ — c 31 = a, 


where a is the equilibrium distance between the Y and the X atoms. 
The normal coordinates become then dimensionless (which are related 

to the coordinates employed in (81) on P. 66 through (/, = ( 4 ^-^ a ’ 

etc.), and further we have 


S ra» 6 ? = X rrn = Y m* = 2 m a 2 = J 


(84) 


where I is the equilibrium value of the moment of inertia. 

The kinetic energy of the molecule due to the normal vibrations is 


2 T - 2 Wi (if +. nr + t<) + Ai 

= / (®? + Q 2 + Qs) + At Qt 


( 85 ) 


where O 5 is the |-component of the angular velocity due to the rotation 
of Ihe molecule, and is the only non-vanishing component of the 
angular momentum due to the normal vibrations 

• • 

As = 2 m< (ip — ip £<) = I ( q 2 Qs — 9s), 

An = A; = 0 . 

The momenta conjugate to the q’s are, from (85), 

Pi = Jtfi, J)2 = / 92 - Z 173 £2t, ps = /53 + /gaQ|. 


( 86 ) 


( 87 ) 
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The total angular momentum due to both the rotation and the vibration 
of the molecule is given by 10 

Ml = AnQi 4 A^ 

Mrj = A-r\r\ On — Ant Ot (88) 

Mi — — Ant On + Att 0; 

where the A|£, A^i • .. are the moments and products of inertia of the 
molecule along the moving axes and can be shown to be 

All = I to 2 + Ql + ll), Ann = / (9 2 4- qD, Ah — I q\, 

(89) 

Ant — I <Ii Qs, A ?n = A tt — 0, <7 = 14- qi. 

The kinetic energy of the vibrating rotating molecule is 10 
2 T = 2 pi qi 4- Ml Og 4 0,, 4 Ml Ot 


or 


2 / T = $ 4 vl 


Ql 


where 


A — <72 J>3 — p‘2 qa 


(91) 


The Hamiltonian is T+V, where V is, up to the second order, the sum 
of the expressions in (81a), (83) and (84) on P. 67. The first four 
terms in (90) correspond to the expression for T in (81a) on P. 67. On 
treating the last two terms as perturbations—a process which is justified 
since the energy of rotation and that of the interaction between vibra¬ 
tion and rotation are essentially smaller than that of vibrations —, one 
obtains the zeroth-order energy and eigen functions as given by (82) 
on P. 67. The contributions to the energy from the last two terms in 
(90) can be obtained as follows: In a first approximation, we shall 
replace g=l 4 gi by 1 and the diagonal elements are 


See, for example, A. G. Webster, Dynamics of Particles and of Rigid, 
Elastic and Fluid Bodies, P. 249. 
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(M\) R R = IHh/ 23tP 

(M| + M\) % = [J (J + 1) - Z 2 ] (h/ 2ji) 2 

(A») J -((»,+ 1) (w + fl (+ 2 > ~ 1 ) ^ 2 “> 2 ,92) 

~ (vs + i) (Zi/ 2^) 2 Z 2 f l, y\>l 2 (72 dq 2 

03 3 •/ <? 2 

2 >| ^ 

QJUf) v« = + ^ yl t qzdq 2 , 

use being made of the following relation which is obtainable from (43) 
on P. 53 


/ o [(^?) 2+ £ <] d0==v2 


= ^2 + 1 . 


The first order energy is hence 

T (,/ + 1} ~ + 8« 2 / [ (Vs + x) (r * + ^ ( w! + Ws } “ 1 ] 


h 2 
Srt 2 


(93) 


The first term is simply the energy of rotation while the second term 
gives the energy of interaction between the parallel vibration V 3 and the 
perpendicular vibration vj as the result of the extra angular momentum 
arising from these vibrations. This second term is independent of the 
rotational quantum numbers and hence does not affect the rotational 
structure of the bands. Its presence can be taken care of in (87) of 
P. 68 by replacing the constant i by 


? 4- 


h ( 0)8 0Do \ . 

8 jc 2 / \ (o 2 co a / 


(94) 


The interaction between the vibration and the rotation appears 
in the ne^t approximation. First the factor 1/p 2 in the last two terms 
in (90) represents the variation of the moment of inertia of the molecule 
with the vibrationalv motion. This changes the energy of the molecule 
in two ways. The quadratic part of 1/p 2 —1—2q 1 + 3q 2 x introduces a factor 

1 + 4i?Tsr (t,,+ * ) 
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for the energy expression in (93). The linear term in 1,/fjr 2 causes the 

appearance of a term linear in the normal coordinate q-, and entails a 

* 

transformation to a new normal coordinate q t to take into account the 
change of the equilibrium distance a brought about by this additional 
energy term. This transformation introduces, when applied to the first 
order perturbation potential (83) on P. 67, terms that are quadratic in 
the normal coordinates and contain the constants in the first order po¬ 
tential. The diagonal elements of these terms are of the order® 

h ,2 h 

+ (96) 

where k is a constant in the first order (cubic) potential. 

Secondly, the term A in (90) gives a second order perturba¬ 
tion according to (16) on P. 48. The evaluation of the non-vanishing 
non-diagonal elements of A can be performed with the known vibra¬ 
tional wave functions and the rotational wave functions (of a symme¬ 
trical rotator). The order of magnitude is again that of (95), but this 
contribution is characterized by the appearance of the denominators 
o) t -fco 2 and &),—m 2 . Hence it may be expected to have important effect 
on the band structure when « 2 and co 3 are close to each other. 11 

On combining these various second order contributions, it can be 
shown that the total energy of a vibrating rotating molecule is of the 
form 

E/h «= (E,it + Eret)lh + Bo [j (J + 1) - I 2 ] [2 (vi + g<) at) (96) 

where m is 4 for the parallel and 1 for the perpendicular vibrations, and 
the a's are constants depending on the fundamental frequencies, the 
moment of inertia and the first order anharmonic constants. The rota¬ 
tional lings of a band arising from transitions from the normal vibra¬ 
tional state to a state v u v 2 , v B are given by an expression of the form 

v *» v v ib + Bo [2 + 2 (vi + 2n») cu] N + Bo [2 Vi ou] N 3 (97) 

< 

where N is the ordinal number, 0 , ±1, ±2. . .of the lines. The quadratic 
term causes a convergence of the rotational lines similar to that in (80) 
for a diatomic molecule. From the convergence and the empirical values 

11 The importance of these second order terms with the resonance deno¬ 
minators is first emphasized by Professor D. M.. Dennison in private communications. 
His results on the C0 2 molecule will probably be published shortly. 
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of the constant Z? v =i?o[l4-2(ri4*2pi)a*] for a few vibrational states, it is 
possible to determine the a’s. The theoretical expressions for the a's 
then furnish three further relations for the determination of the first 
order anharmonic constants. 

In other molecules, the effect of the interaction between vibration 
and rotation can probably be still represented by an expression of the 
form (96), although it would no longer be easy to obtain the theoretical 
expressions for the ct’s. 

B). Coriolis Perturbation 

Another effect arising from the interaction between the vibration 
and the rotation besides the convergence of the rotational lines discussed 
in the last section is the anomaly in the spacings of the Q branches of 
the component bands in the perpendicular type bands of axially 
symmetrical molecules. From the simple theory of the symmetrical 
rotator given in §2, B), it follows that the separation between these Q 

branches is given bv , %, •(? where $ — —1, and that this separation 

4 k* La ic 

should be the same for all the perpendicular bands of the same molecule. 
It was found, however, that in the case of the methane CHP and the 
methyl halides- spectra, the separations between the Q branches are not 
constant but are different in different perpendicular bands of the same 
molecule. This is not understandable from the simple theory of the 
symmetrical rotator. It was first suggested by Teller 1 * 3 that the explana¬ 
tion of this anomaly lies in the interaction between the vibration and 
the rotation of the molecule in the following manner: As the result of 
the slow (compared with the vibration) rotation of the molecule about 
the symmetry axis, a Coriolis force is developed in the perpendicular 
vibrations (which are doubly degenerate because of the isotropy in 
directions perpendicular to the symmetry axis), and this gives rise to 
an “internal” angular momentum which changes the energy of the 
molecule and hence the separation of the Q branches. The theory has 
been worked out further in details for the axially symmetrical molecules 
such as YX ;i , ZYX :s and YX 4 by Johnston and Dennison. 4 From a close 
study of the vibrational and the rotational motions of these molecules, 

1 J. P. Cooley, Astrophys. Jour. 62, 73, (1925). 

- W. H. Bennett and C. F. Meyer, Phys. Rev. 32, 888, (1928). 

■i E. Teller, Haiul-nnil Juhrbuch d. Chem. Physilc 9/II, (1934). 

4 M. Johnston and D. M. Dennison, Phys. Rev. 47, 94; 48, 868, (1935). 
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it was found that while the internal angular momentum due to the 
vibration is different for different bands and depends in a rather com¬ 
plicated manner on the masses of the atoms and the constants in the 
potential energy of the molecule, there are certain “sum rules” that are 
independent of the potential function. We must refer to the works of 
Teller and of Johnston and Dennison for the details of the theory; but 
the results, which are very useful for our discussion of such molecules 
in Chap. V, can be conveniently summarized as follows. 

Let the internal angular momentum due to the perpendicular 
vibration v t - be (h/ 2tt), and let the spacing of the Q branches in the 
band v» be denoted by Aw . Then, for YX 3 , ZYX 3 and YX 4 respectively, 


Avi = 


[ 


lc 



h 

4k* * 



h 

4rf’ 


(98) 



YX, 

ZYX, | 

_ _1 

yx 4 


ZilL - l 

2 I a 

,c ! 

2/a j 

i 

X Av* 

( 3 5 \ h 

/ 3 7 \ h j 

3 . h 

\ lc 2/^ / 4k 1 

\lc 2/ a /4«* 

2/ 4tc‘ 

5 (2v 4 ) 

-2?,- 

- 2 %i 

~b 

5 (3v«) 

t 

b 

* 


liVi+Vj) 

— (£* ~b li) 

- (h + h) 



Table IV. Internal angular momenta in axially symmetrical 

molecules 5 


In a band v» + v ft where v» is a parallel type vibration, the in¬ 
ternal angular momentum and hence the separation Ar are the same 
as in the band v,- since the parallel vibration contributes nothing to the 
internal angular momentum. 

This theory of Coriolis interaction is important not only because 
it furnishes an explanation of the anomalous spacings in the per¬ 
pendicular type bands of axially symmetrical molecules, but also because 
(i) the relations (98) and Table IV make it possible to obtain the 
moments of inertia of the molecule from the observed spacings Av, and 


r> In Table IV, the perpendicular vibrations of YX 3 are v 2 and v 4 ; those of 
ZYX 3 arev 2 , v 4j v, ; ; and those of YX 4 are v 3 and v 4 . For the modes of these vibra¬ 
tions, see Figs. 26, 32, and 31 respectively. 
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(ii) in the case of the tetrahedral YX 4 molecule, a knowledge of the 
spacings Av 3 and Av 4 makes it possible to determine one of the five 
constants in the most general potential function of the molecule. 

Nielsen has applied the same idea to the “perpendicular” vibra¬ 
tions vs and vo of the formaldehyde molecule. Recently a detailed study 
of the Coriolis perturbations in the YX 4 molecule has been made by 
Jahn, and the result has been applied to the CH t molecule by Jahn and 
Childs with success. We shall discuss the spectra of all such molecules 
as YX 3 , ZYX3, YX 4 , and ZYX 2 in the following chapter. 



CHAPTER V 


VIBRATOINAL SPECTRA OF MOLECULES: 
EMPIRICAL RESULTS 

In this chapter, we shall summarize the results of infrared and 
the Raman effect studies of polyatomic molecules. The data are ex¬ 
amined with special regard to the symmetry properties of the molecules 
and their normal vibrations, the interpretations of the observed fre¬ 
quencies, and the potential functions of the molecules. The theoretical 
basis of these discussions has been presented in Chapters II, III and IV 
and we need perhaps only a few remarks here concerning the notations 
employed. 

(i) For the normal vibrations in certain molecules possessing 
certain elements of symmetry, the notations employed by Mecke and 
others, namely, those distinguishing between the “valence” vibrations 
and the “deformation” vibrations 5, with subscripts s and a for vibra¬ 
tions symmetrical and antisymmetrical with respect to an element of 
symmetry, and the subscripts n and a for vibrations which are parallel 
and perpendicular to an axis of symmetry, are most descriptive. On 
the other hand, for molecules possessing a large number of normal 
vibrations, these notations become impractical and the conventional 
numerical notations employed by Dennison are convenient. In still other 
cases, it may be desirable to describe the vibrations by the symmetry 
class to which they belong, followed by a descriptive notation giving 
the approximate nature of the vibration. Perhaps the choice of these 
notations will remain to be determined by convenience, usage and in¬ 
dividual taste. In the following, these different notations are employed 
in different molecules, the choice being determined by these factors. 

(ii) Although it is the wave lengths that are directly measured 
rather than the frequencies, we shall in the following give only the 
frequencies in wave numbers (cm -1 ), since these are more convenient 
for considerations of the energy states of the molecule. This will do 
away with the unnecessary effort of translating the wave lengths in ^ 
into wave numbers by one who is thinking in terms of energy states. 
To him, the reading of the more experimental papers on infrared spectra. 
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in which the bands are mentioned by their wave lengths in /a, causes no 
little inconvenience. 

(iii) In all the equations giving the normal frequencies, if the 
frequencies v be expressed in-units of 1000 cm" 1 and the atomic 

masses in units of the mass of the hydrogen atom (or more accurately, 
simply the atomic weights), the potential constants so obtained are in 
units of 0.5875 xlO 5 dynes/cm. Unless otherwise mentioned, the values 
of the potential constants given are in 10 5 dynes/cm. 

§1. Triatomic Molecules 

A) Linear Molecules 
1) CO, 

This molecule is of special interest not only because of its com¬ 
mon occurrence, but because it shows the kind of accidental degeneracy 
discussed in Chap. Ill, §4, B. It is one of the few molecules whose 
spectra and structure are known in considerable detail. 

That the molecule is linear and symmetrical is definitely establish¬ 
ed on the following evidences: (1) the permanent electric moment is 
zero, 1 (2) the rotational structure of the vibration-rotational bands is 
consistent with a linear and symmetrical model, 2 * * and (3) the whole 
system of vibrational bands satisfies the selection rules for the linear 
symmetrical model given in (92a) and (92b) in Chap. Ill, 2 not to men¬ 
tion the many other chemical evidences. Such a molecule possesses an 
infrared inactive, Raman effect active vibration vi, a perpendicular (de¬ 
generate) infrared active vibration V 2 , and a parallel infrared active 
vibration vs. The frequency vi should appear in the Raman spectrum 
as a single line (accompanied of course by wings due to the rotational 
lines). It was found, however, that two lines appear at 1285.8 and 

1 See, for example, H. A. Stuart, Zeits. f. Physik 47, 457; 51, 490, (1928). 
Also Landolt-Bomstein Tables . 

2 P. E. Martin and E. F. Barker, Phys. Rev. 41, 291, (1932), analyzed the 

rotational structure of the y 2 band at 667 cm ~ 1 . That the lines are regularly spaced 

shows that the molecule must be linear; that the band possesses a Q branch shows 

that it arises from a vibration in which the change of the electric moment is per¬ 
pendicular to the axis of the molecule; that every other line is missing in both the 
P and the R branches shows that (i) the molecule must have a symmetry center, 
and (ii) the spin of the oxygen nucleus must be zero, according to §3, Chap. IV. 
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1388.4 cm -1 with an intensity ratio of about 0.61. 8 This is explained by 
Fermi as due to a resonance between vi and 2v 2> resulting in a mutual 
sharing of the wave functions of the two states and hence in the ap¬ 
pearance of two lines instead of one . 4 The theory has then been further 
developed and applied to the infrared spectrum by Dennison 5 and by 
Adel and Dennison,who carried out a second order perturbation calcu¬ 
lation of the anharmonicity as well as a first order calculation for the 
resonance interaction, as shown in Chap. Ill, §3, A and §4, B. We give 
in the following table the observed bands, their classifications and the 
frequencies culculated according to the theory of Dennison and Adel. 

The observers of the various bands are given in footnote (7). 
The bands marked by an asterisk are those employed in the evaluation 
of the anharmonicity coefficients, by means of (132), Chap. III. The 
result is 

| 6 | = 72.9 v, = 1321.7 x u =— 1 x n =— 2.3 

A =14.7 v* = GG7.9 X tl = 0.74 X 2 , = — 10.9 (1) 

Xu — —0.74 v s ^ 23G2.8 x„ ='—12.7 x a = — 22.1 

From these coefficients, it is possible to calculate the zeroth 
order frequencies from (75), Chap. Ill, 

a) 1 =2ft) 2 4-A=13Gl, 0)2 = 673, o)j=2397. (2) 

3 Early work on the Raman spectrum of the C0 2 gas was done by R. G. 
Dickinson, R. T. Dillon, and F. Rasetti, Phys. Rev. 34, 582, (1929). Later measure¬ 
ments were made by Isabel Hanson, Phys. Rev. 46, 122, (1934), and A. Langseth 
and J. Rud Nielsen, Phys. Rev. 46, 1057, (1934). Attempt to explain one of the 
two strong lines, namely, 1388.4 cm"" 1 , as the overtone of the fundamental v 2 =667 
fails for two reasons: (i) an overtone can hardly have the observed great intensity, 
and (ii) the overtone of the degenerate vibration v 2 , if observed, would be expected 
to be completely depolarized, while the observed degrees of depolarization of both 
lines 1285.8 and 1388.4 cm" 1 are very low (^.0.18 and/v>0.14 respectively), accord¬ 
ing to the measurement of Langseth and Nielsen, loc. cit. 

* E. Fermi, Zeits. f. Physik 71, 250, (1931). 

® D. M. Dennison, Phys. Rev. 41, 304, (1932). 

6 A. Adel and D. M. Dennison, Phys. Rev. 43, 716, (1933). 

7 M. B.=Martin and Barker, Phys. Rev. 41, 291, (1932); B.=Barker, Astro- 
phys. Jour. 55, 321, (1922) ; D. D. R. = Dickenson, Dillon and Rasetti, Phys. Rev. 
34, 582, (1929); B. W. = Barker and Wu, Phys. Rev. 45, 1, (1934); H. V.=Herzberg 
and Verleger, Phys. Rev. 48, 706, (1935); the bands are observed with the photo¬ 
graphic technique. The band centers given here are estimated from the band 
heads only; A. D.=Adams and Dunham, Pub. A. S. P. 44, 243, (1932), measured 
these bands in the absorption spectrum of the atmosphere of the planet Venus; 
B. A.=Barker and Adel, Phys. Rev. 44, 185, (1933). 
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Transitions 

Vl V2 l VZ —» Vl V2 l vs 

cm"i obs. 

Band type 
obs. 

cm—i calc. 

Observers 7 

0 0 0 0 

0 110 

667.6 ** 

X 

667.9 

M. B. 


10 0 0 

1285.8 * 

Raman 

1286.3 

D. D. R. 


0 2 0 0 

0 2 2 0 

1388.4 • 
(1336.2) * 

Raman 

1387.9 

1335.8 

D. D. R. 


1110 

1933.6 ♦ 

X 

1933.2 

M. B. 


0 8 10 

2077.1 * 

X 

2077.4 

M. B. 


0 0 0 1 

2350.1 * 

II 

2360.1 

M. B. 


10 0 1 

3610 

11 

3614 

B. 


0 2 0 1 

3717 

II 

3716 

B. 


2 0 0 1 

4860 

II 

4852 

B. W. 


12 0 1 

4982 * 

II 

4982 

B. W. 


0 4 0 1 

6110 

II 

6109 

B. W. 


3 0 0 1 

6079 

II 

6078 

B. W. 


2 2 0 1 

6233 

II 

6233 

B. W. 


14 0 1 

6363 

II 

6852 

B. W. 


0 6 0 1 

6612 

II 

6512 

B. W. 


0 0 0 8 

6978 

II 

6974 

B. W. 


10 0 3 

8193 

II 

8188 

H. V. 


0 2 0 3 

8293 

II 

8291 

H. V. 


0 0 0 6 

11496.5 * 

11 

11496.5 

A. D. 


10 0 6 

12672.4 * 

II 

12672.4 

A. D. 


0 2 0 6 

12774.7 * 

11 

12774.7 

A. D. 

0110 

10 0 0 

720.9 

X 


M. B. 

0 110 

0 2 0 0 

618*3 

X 


M. B. 

0 110 

0 110 

0 110 

0 2 2 0 
1110 

0 3 10 

668.5 

1408.4 

1264.6 

X 

Raman 

Raman 


M. B. 

0 110 

0 110 

2 0 0 0 

1 2 0 0 

1886 

X 


B. W. 

0 1 1 0 

0 4 0 0 

2187 

X 


B. W. 

0 110 

12 2 0 

2049 

X 


B. W. 

0 110 

1110 

1264.5 

Raman 

1266.3 

D. D. R. 

0 110 

0 3 10 

1408.4 

Raman 

1409.5 

D. D. R. 

12 0 0 

1110 

791.0 

X 


M. B. 

0 2 0 0 

0 8 10 

647.8 

X 


M. R. 

0 2 2 0 

1110 

741.0 

X 


M. B. 

0 2 2 0 

0 3 10 

697.0 

X 


M. B. 

10 0 0 

0 0 0 1 

061.0 

11 

962.2 

B. A. 

0 2 0 0 

0 0 0 1 

10633 

H 

1063.7 

B. A. 


Table V. Vibrational spectrum of C0 2 
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The zeroth order (quadratic) potential constants in a potential of the 
form 


2y = (6r,)* + (8r 2 ) !! J + 2fc 1 5ri8r i! + k a (r8a)* 

can be calculated from the equations 

-dir <*-»& 


(3) 


(4) 


The result is 


h = 


2{ilf+2?n), 


A: = 15.9, = 1.06, Jr a = 0.58 ill 10* dy/cm, (5) 

From the rotational line spacings in the v 2 fundamental, Martin 
and Barker obtained the value 70.8 xlO -40 g.cm 2 for the moment of inertia 
of the molecule. This gives the value 1.15A for the carbon-oxygen dis¬ 
tance. 9 Hence 


r 2 = 0.78 x 10 —n dynes cm/radian. (5a) 

The constants in the first and the second order potentials (83) 
and (84) of Chap. Ill can be calculated from equs. (87) and (131). 
The values of the constants a and c have been accurately determined 
by Adel and Dennison from the convergence factors in the vs band 
measured by Martin and Barker, and the 5v», 5vt + Vi, Bv t + 2v 2 bands 

8 Because of the resonance between v x and 2v 2 , the two bands 1286.3, 1387.9 
cn)-l are to be ascribed to transitions from the normal state to states whose wave 
functions are given by <l>_ and V+ in (133) of Chap. Ill, respectively. Hence in 
obtaining (87) and (88) from (88) of Chap. Ill, it is necessary to multiply the 
integrals in a and Q by the appropriate factors a 2 and 6 2 given'by (134). Thus 
from Table II, one obtains 

iA-(1+fy* ) +p*( VI+* u) +a s ( 2VJ +4 x 22 )= 1286.8, 

•/a 

JA+ J£L( i+j v i )+a*(vi +x 1 1 ) +0 S ( 2v 2 +4x 21 )=1387.9. 

v 2 

Similar arguments hold for the other resonating levels, such as r? vl> (ft— 2v*, 
<«—2)vi + 4v 2 , etc. 

9 Electron diffraction measurements of Wierl, Ann. dcr Physik 13, 453, (1932), 
.give 1.18:±.04A for the C — O distance. Cf, Brockway, Rev. Mod. Phys. 8, 231, (1936). 
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photographed by Adams and Dunham from the absorption spectrum of 
the atmosphere of Venus. The result is as follows: 10 


a = — 

36.2, 

a 

II 

i 

00 

9 =- 

7.9, 

b = 

72.9, 

e — 2, 

3 = 

3.3, 

c = — 

202 .1, 

f = 1.1, 

i = — 

23.2. 


( 6 ) 


These values define the potential function of the molecule up to 
the second order. With these constants and from the expressions for 
v s and x a3 in (87), Chap. Ill, and with due regard to (81), it is possible 
to calculate the values of v 8 and x aa for the molecule C 1S 0 2 in which the 
carbon atom of mass 12 is replaced by the isotope of mass 13. The 
value of the expected observed frequency is found to be 2284.5 cm -1 . 
Recently Nielsen 11 has located and resolved a band at 2284.5 cm -1 . The 
agreement between the calculated and the observed frequencies thus 
points to the correctness of the explanation of the observed band and 
to the satisfactoriness of the potential function defined by (2) and (6). 

2 ) CS 2 

From the similarity of the sulphur and the oxygen atoms in their 
electron structure, one would expect the CS 2 molecule to have a structure 
similar to that of C0 2 . Measurements of the permanent dipole moment 
of the molecule show that its value is zero and thus point to a symmetrical 
structure. 1 The data from the infrared and the Raman spectra, as 
summarized in the following table, are consistent with a linear symme¬ 
trical structure. 


10 Because of some errors in the equations (87) as given in the paper of 
Adel and Dennison, Phys. Rev. 43, 716, (1933), the values of the potential constants 
given in their second paper, ibid ., 44, 99, (1933), are in error. The values given 
here are the corrected values. Account has not been taken, however, of the second- 
order correction mentioned on P. 139. 

11 A. H. Nielsen, Phys. Rev. 63, 983, (1938). The calculated frequency given 
in this paper is in error since it is based on the erroneous expressions and potential 
constants in the papers of Adel and Dennison. 

* C. T. Zahn, Phys. Rev. 35, 848, (1930); C. H. Schwingel and J. W. Williams, 
Phys. Rev. 35, 855, (1930). 
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Transition 

V\ V% l VS V2 l 

Infrared 

cm- 1 obs. 

Raman 

cm -1 obs. 

Observers* 

0000 0110 

396.8 Q 

400.6 (0.8)» 

D. W.; V 

10 0 0 


056J5 (0.16) 

L. S. N. 

0 2 0 0 


796.0 (0.18) 

L. S. N. 

0 0 0 1 

1523 


B. c; 

10 0 1 

2184 


B. C.; S. 

0 2 0 1 

2330 


B. C. 

: 

0110 1110 


648.3 ww 

L. S. N. 

0 3 10 


804.9 ww 

L. S.N. 

1 0 0 0 0 0 0 1 

878 


B.C. 


Table VI. Vibrational spectrum of CS 2 

Numbers in parentheses are the degrees of depolarization. 

The infrared band at 396.8 cm -1 with a Q branch is the perpen¬ 
dicular fundamental v 2 - Its appearance in the Raman spectrum is pro¬ 
bably due to the break-down of the selection rule as the result of the 
intermolecular forces in the liquid. The two strong lines at 656.5 and 
796.0 cm -1 have been ascribed to transitions from the normal state to 
the pair of resonating levels Vi=l and r 2 =2, as in C0 2 . 4 Their great 
intensities® and their low values for the degrees of depolarization ex¬ 
clude the possibility that the line 795.0 cm -1 may be purely due to the 
overtone 2v 2 . A first order calculation (Chap. Ill, §4, B) shows, how¬ 
ever, that in this case the resonance between vi and 2v a is loose, the 
values A and |6| being ca. 120 and 50 cm -1 respectively. 6 

For such a heavy molecule, the rotational line spacings are too 
small to be resolved, and the moment of inertia can not be obtained in 
this way. The C—S distance is found from electron diffraction measure¬ 
ments to be 1.54±0.03A 7 . 


* D. W.—D. M. Dennison and N. Wright, Phys. Rev. 38, 2007, (1931); V.=S. 
Ventekateswaran, Phil. Mag. 15, 263, (1933); L. S. N.=A. Langsath, J. O.Sorensen 
& J. Rud Nielsen, Jour. Chem. Phys. 2, 402, (1934); B. C.=C. R. Bailey & A. 
B. D. Cassie, Proc. Roy. Soc. A 132, 236, (1931); 140, 605, (1933); S.=J. A. 
Sanderson, Phys. Rev. 50, 209, (1936). 

* S. Bhagavantam, Ind. Jour. Phys. 7, 79, (1932); Phys. Rev. 39, 1020, (1932). 

* E. Fermi, Zeits. f. Physik 71, 250, (1931).. 

o The relative intensities of the 656 and 796 cm -1 lines are 3.1:1 according to 
S. Pienkowski, Acta Phys. Polonica 1, 87, (1932). 

* Langseth, Sorensen & Nielsen, loe. cit.; also D. M. Dennison, Phys. Rev. 
41, 304, (1932). 

7 P. C. Cross and L. O. Brockway, Jour. Chem. Phys. 3, 821, (1935). 
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Because of the large mass of the S atoms, the corrections for 
anharmonicity of the vibrations are certainly negligible. On taking for 
the zeroth-order frequencies the observed values vi=660, v a =397, vj*= 
1523 cm \ one finds for. the constants in the potential (3) the following 
values: 

k = 7.55, k v = 0.67, k a = 0.24 X 10®, 

r a /f a = 0.56 x io -u dy. cm./rad. (7) 


3) OCS (carbonyl sulphide) 

The infrared spectrum of this molecule has been studied by 
Cassie and Bailey 1 and more recently in greater detail by Bartunek and 
Barker. 2 The Raman spectrum data are available from the work of 
Dadieu and Kohlrausch. 3 The classification of the observed frequencies 
is given in the following table. 


1 Transition 

Infrared 


Raman 

cm*- 1 calc. 



cm-" 1 obs 

. & type 

cm" 1 obs. 

V\V2 l vs —> V\V 2 l vs 

0 0 0 0 

0 110 

* 521.5 

-L 

624 

* 



10 0 0 

* 859.2 

11 

859 

* 



0 2 0 0 

1047.4 

II 

1041 

1037.5 



1110 



1883 

1380.7 



0 3 10 

* 1558.6 

J_ 


* 



2 0 0 0 

* 1710 

II 


* 



12 0 0 

*1892 

11 


* 



0 0 0 J 

* 2050.5 

II 

2055 

* 



0 111 

* 2576 

X 


* 



2 110 



2233 

2227 



10 0 1 

*2910 

11 


* 



0 2 0 1 

3096 

11 


3094 



2 0 0 1 ? 

8739 

11 


3779 



0 0 0 2 

*4101 

II 


'* 


0 110 

0 2 0 0 

514.3 

_L 


516 


0 110 

0 2 2 0 

* 626.6 

± 


j * 


0 110 

0 0 0 1 

1630.4 

X 


1529 


0 2 0 0 

2 0 0 0 



678 

672.5 



Table VII. Vibrational spectrum of OCS 


In this case the value 0.65x10“ 18 e.s.u. for the permanent electric 
moment 4 is of little help in deciding between the linear and the bent 

1 C. R. Bailey and A. B. D. Cassie, Proc. Roy. Soc. A 135, 376, (1932); 

Zeits. f. Phys. 79, 35, (1932). 

3 P. F. Bartunek and E. F. Barker, Phys. Rev. 48, 376, (1985). 

8 A. Dadieu and K. W. F. Kohlrausch, Phys. Zeits. 33, 165, (1932). 

4 C. T. Zahn and J. Miles, Phys. Rev. 32, 497, (1928). 
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model for the molecule. On assuming, however, a linear model, the 
considerations of §2, A. Chap. IV, show that one may distinguish be¬ 
tween the perpendicular and the parallel type bands with and without 
a Q branch respectively, and from considerations similar to those for 
the linear YX 2 molecule in Chap. Ill, §3, A, it follows that for the J- 
and the || bands, AI=±1 and 0 respectively. It is seen from the above 
table that a classification of the observed bands can be made in accord¬ 
ance with these selection rules. 

From the bands marked by *, the anharmonicity coefficients in 
an energy expression of the form (73), Chap. Ill, can be calculated: 


Vl = 

863.4, 

*11 =- 

- 4.2, 

*12 — ~ 

- 2.35, 


y 2 = 

518.95, 

== “ 

- 0 . 1 , 

*2S — 

9.3, x u — 2.65. 

(8) 

v 8 = 

2050.5, 

*w = 

0, 

*lt = 

3, 



With these, the zeroth order frequencies are obtained from (75), Chap. 

HI, 

to, = 865.3, ©* = 518.8, to* = 2042.9. (9) 

The constants in the potential 

2V = + 2fc* 5r 2 -1- k a (s5a) ! (10) 

cannot be determined since there are only two parallel fundamentals 
but three constants k u k?, k 3 . On neglecting the interaction between 
the two extreme atoms by putting fc 3 =0, one obtains from (23), Chap. 

II, 6 

kcs — 8.35, kco — 13.4 x 10 s 

k a s* = 0.635 x 10 -11 dy. cm/rad. (11) 

These C-0 and C-S bond constants differ appreciably from their values 
in the C0 2 and CS 2 molecules.® Although the values in (11) should not 
be directly compared with those in (5) and (7) since we have neglected 

b This is calculated with the values C-0 = 1.16A, C-S=1.56A obtained from 
electron diffraction measurements by Cross and Brockway, Jour. Chem. Phys. 3, 
821, (1935). 

6 Penney and Sutherland, Proc. Roy. Soc. A 156, 654, (1936), have calculated 
the potential constants for the C0 2 , CS 2 , OCS molecules as follows: 

C0 2 : fc co =15.2x10*, k a r2 =3.09xl0~n 

CS 2 : fc C S= 7.6, =2.22 

OCS: fc co =14.2, kcs =8.0x10®, fc a Sa=2.62xl0~ u 

These values differ from the values given here because (i) we employ the zeroth 
order frequencies for C0 2 and OCS, and (ii) we include the cross term in the 
potential for C0 2 and CS 2 . Because of an error, all their values for the deformation 
constant k^S 2 are too gr^at by a factor 4. 
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the term in k$, the considerably stronger binding between the carbon 
and the oxygen atoms in C0 2 (force constant about 20 % greater than 
that in OCS) is indicative of a different electronic structure in these 
molecules. According to the theory of Pauling, the wave function of 
the normal state is a linear combination, in certain proportions, of the 
wave functions of the three states. 7 The greater binding in the C-0 bond 
in C0 2 is due to the contributions of the wave functions for the triple 
bonds, while in OCS these contributions are considerably smaller. 

4) N 2 0 

This molecule has the same number of electrons as C0 2 and has 
physical properties that are strikingly similar to those of C0 2 . Its 
structure, however, is now definitely known to be linear but non-symme- 
trical, on the following evidences: (1) the permanent electric moment 
is not zero, but is 0.14rtp.02xl0 -18 e.s.u., 1 (2) the rotational structure 
of the vibration-rotational bands is consistent with a linear but non- 
symmetrical model 2 * , (3) the vibrational spectrum does not show the 
operation of the selection rules for the linear symmetrical model which 
are found to hold strictly in the case of C0 2 8 , (4) the presence of all 
the three fundamental frequencies in the Raman spectrum shows that 
the molecule must be nonsymmetrical, 4 and (5) an approximate theoretical 
estimate of the energies of the two forms N-N-0 and N-O-N shows that 
the nonsymmetrical form is definitely more stable 8 . 


i See Chap. Ill, §5, A. 

1 E. Czerlinsky, Zeits. f. Physik 88, 515, (1934). 

2 E. K. Plyler and E. F. Barker, Phys. Rev. 38, 1827, (1931). That the rota¬ 
tional lines are regularly spaced shows that the molecule must be linear. The 
absence of alternating intensities shows, however, that the molecule must be non¬ 
symmetrical, since the symmetrical N —O — N would show an alternating intensity 
of 1: 2 corresponding to the value 1 for the nuclear spin of the nitrogen atom. 

D. Bender, Phys. Rev. 45, 732, (1934), also arrived at the same conclusion 
from the impossibility of resolving the rotational lines in the Raman spectrum of 
the molecule. 

8 Plyler and Barker, loc . cit.; see Table VIII below. 

4 S. Bhagavantam, Nature 127, 817, (1931); Ind. Jour. Phys. 6, 319, (1931); 
Dickenson, Dillon & Rasetti, Phys. Rev. 34, 582, (1929); A. Langseth and J. Rud 
Nielsen, Nature 130, 92, ,(1932). 

« C. E. Sun & T. Y. Wu, Jour. Chin. Chem. Soc. 4, 340, (1936), found by the 
semi-empirical method of Eyring that the energies of the forms N—O—N and N— 
N —O are 144.6 and 197.6 Calories, while for the forms O—C —0 and O—O — C 
they are 248.5 and 202.2 respectively. While the absolute values may be only very 
rough approximations, their relative values are believed to indicate the relative* 
stabilities of the two forms for each molecule. 
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The infrared and the Raman spectrum data are summarized in 
the following table. 


Transition 

V 1 V 2 IVQ —> V 1 V 2 IVS 

Obs. v 

& band type 

Calc, v 

0 0 0 0 

0110 

6&9.0 


* 


0 2 0 0 

1167.3 

II 

* 


10 0 0 

1285.4 

II 

* 


1110 

1868 

X 

1869.6 


0 0 0 1 

2224.1 

II 

* 


12 0 0 

24C2.2 

ll 

* 


2000 

?564.2 

11 

* 


oil! 

2769.1 

± 

2799.2 


0 2 0 1 

3366.5 

ll 

* 


10 0 1 

3482.2 

11 

* 


0 0 0 2 

4420.7 

ll 

* 


2 0 0 1 

4730.0 

II 

4733.7 

0 x 10 

0 2 0 0 

579.5 

JL 

578.3 


0 2 2 0 

590.5 

_L 

* 


12 2 0 

ia 15 

X 

1866.4 


12 0 0 

18£9 

X 

1854 


0 2 0 1 

2777 

X 

2777.4 


0 2 2 1 

2786 

X 

2789.7 

0000 

10 0 0 

1283 

Raman 

1285.4 


0 0 0 1 

2226 

Raman 

2224.1 


Table VIII. Vibrational spectrum of N 2 0 


From the bands marked by *, the anharmonicity coefficients are 
obtained. 


Vj = 1288.7, 

x n — — 

3.3, 

#12 — — 

00 


v 2 = 688.2, 


2.3, 


12.5, Xu = 3.1. 

(12) 

v, = 2237.8, 

^88= — 

13.7, 


26.1, 



From these, the zeroth-order frequencies can be calculated, 

(Oj — 1309.8, = 001.5, = 2277.0, {13} 

Just as in the case of OCS, the two parallel fundamentals do 
not suffice for the determination of the three constants k u k 2 , k* in 
the potential (10). The assumption that fc 3 =0 leads to complex solu- 
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tions for the constants ki and k 2 - Following Rosenthal 6 , we may obtain 
a rough estimate of these constants by assuming the smallest value of 
k s that gives real solutions for k t and k 2 . The determinantal equation 
corresponding to the potential (10) gives the following relations 


li + ; 


m 1 +m tk . m 2 +m, k 

-J “-----f«/Q 


m 1 m 2 


m 2 m t 


m.. 


^8 » 


m x m 2 m s ’ 


(14) 


the relation for X 2 being the same as in (23), Chap. II. One finds 
JCnn 14.3, k no ^ 15.3, fcg /v 0.27 X 10 B , 

k a 8*cz 0.63 xlCT 7 8 * * 11 . (15) 


In the calculation of k a s 2 , the approximate N-N and N-0 distances 1.09 
and 1.21 A respectively have been used, their exact values being unde¬ 
terminable from the moment of inertia 7=66.0 xJlO” 40 g.cm a . obtained 
from the rotational line spacings in the vibration-rotational bands. 7,8 


5) HCN 

The infrared and the photographic regions of the spectrum and 
also the Raman spectrum of this molecule have been investigated by a 
number of authors 1 . That the rotational lines in the vibration-rotational 
bands are regularly spaced shows that the molecule must be linear. 
The observed bands and their assignments are summarized in the follow¬ 
ing table. 

6 Jenny E. Rosenthal, Jour. Chem. Phys. 5, 465, (1937). The constants calcu¬ 
lated here differ from her values because she used the v s instead of the zeroth 
order frequencies <d's in the calculation. 

7 The value for the moment of inertia given by Plyler and Barker, loc. cit., 
is corrected by Barker, Phys. Rev. 41, 369, (1932).* 

8 Maxwell, Mosley & Deming, Jour. Chem, Phys. 2, 331, (1934), obtained from 

electron diffraction measurements the value 2.88 ±: 0.05 A for the distance between 
the two extreme atoms in N 2 0. This distance together with 7=66.0x10— 10 gives, 
however, no real values for the N — N and N—O distances. 

% C. B.=K. N. Choi & J3. F. Barker, Phy*. Rev. 43, 777, (1992); P=Barker, 
ibid ., 23, 200, (1924); A. B.=A. Adel & Barker, ibid >, 45, 277, (1934) ; B. B.=R. M. 
Badger & I. L. Binder, ibid., 37, 800, (1931); K.=C. R. Hastier, C. R. 194, 858, 

(1932); B. L,=Brackett and Liddel, Smithonian Inst, 85, No. 5, (1931); L.=B 
Lindholm, Zeits. f. Physik 108, 454, (1938). 
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Transition 





Obs. v & band type 

Calc, v 

Observers 1 

V\ VI l VS -> V\ V2 l Vs 




0000 01X0 

712.3 _L 

* 

C. B. 

0 2 0 0 

1412 A 11 

* 

C. B. 

10 0 0 

2089.0 Raman 

2092.5 

K. 

0 3 10 

2117.3 JL 

2113.3 

B. 

1110 

2801.1 _L 

♦ 

C. B. 

0 0 0 1 

3312.9 II 

3313.8 

A. B. 

0 111 

4005.6 _L 

4006.5 

A. B. 

2 110 

4993.9 _L 

* 

A. B. 

10 0 1 

5395 11 

5391.9 

A. B. 

0 0 0 2 

6523.5 II 

6521.4 

A. B. 

10 0 2 

8585.6 11 

8584.8 

B. L.; L. 

0 0 0 3 

9627.2 11 

* 

B. L.; L. 

10 0 3 

11674.4 11 

11675.9 

B. B. 

0 0 0 4 

12685.8 11 

* 

B. B. 

10 0 4 

14670.7 || 

14669.9 

L. 

0 0 0 5 

15552.04 11 

♦ 

L. 

0110 0200 

700 _L 

700.1 

C. B. 

0 2 2 0 

712 _L 

713.1 

C. B. 

0 4 0 0 

2087.7 _L 

2089.7 

B. 

0 4 2 0 

2102.7 _L 

* 

B. 

0 113 

9568.5 11 

* 

L. 

1113 

11613.5 11 

4c 

L. 

0 114 

12557.5 11 

12557.4 

L. 


Table IX. Vibrational spectrum of HCN 


From the bands marked by *, the anharmonicity coefficients can 


be calculated to be 




v x — 2040.5, 

Xji = 52.0, 

x I*, — 3.7, 


v* = 711.9, 

x. a = — 2.85 

, #13 “ 14.6, 

x n = 3.25, (16) 

v f = 3368.6, 

“ 55.5, 

x 25 = — 19.6, 

#883 — 0.77. 

With these values, 

(75), Chap. Ill, 

give for the zeroth-order frequencies 


co, = 1999.5, ti ) 2 '= 729.4, o), = 3450.0. (17) 

The value of the moment of inertia of the molecule has been 
given by Badger and Binder as 18.79 xl 0~ 40 g.cm 2 ., by Choi and Barker 
as 18.68, by Bartunek and Barker as 18.72? The H-C and the C-N 
bond distances can be calculated by combining this moment of inertia 

2 P. F. Bartunek and E. F. Barker, Phys. Rev. 48, 516, (1935). 

8 Herzberg, Patat & Spink, Zeits. f. Physik 102, 1, (1936), gave r(C — H) = 

o o 

1.057 and r(C — N) =1.154A. This C —H distance must replace the older value 1.08A 
obtained by Hedfeld and Mecke, Zeits. f. Physik 64, 151, (1930), from the Raman 
spectrum obtained by Dickenson, Dillon and Rasetti, Phys. Rev. 34, 582, (1929). 
See section on C 2 H 2 below. 
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with that of the DCN molecule obtained also' by Bartunek and Barker 
from the v 2 fundamental (see below on DCN). The result is 

r(C-H) = 1.06 A, r (C—N) = 1.15 A, (18) 

Before a determination of the potential constants of the molecule, 
it is necessary to decide between the two possible structures 

H : C •: N : H : N ii C : (19) 

From the Raman spectrum, Dadieu 4 found a very weak line at 2062 cm -1 
in addition to the intense line at 2094 cm -1 . The weak line he ascribed 
to the second form in (19), on the basis of a comparison between the 
Raman spectra of aceto-nitrile H 3 C-CN and of aceto-isonitrile H 3 C-NC. 
From the relative intensities of the 2094 and 2062 cm -1 lines, he con¬ 
cluded that ordinarily hydrocyanic acid consists of about 99.5 % of the 
first form. This is supported by the infrared and the Raman data on 
the DCN molecule to be discussed below. More recently, Williams 5 
found that there is a very weak band at 2020 cm -1 ( 4 . 95 / a ) beside the 
strong band at 2100 cm -1 ( 4.76 jj.) in the absorption spectrum of aqueous 
solution of hydrocyanic acid. The weak band is ascribed to the second 
form in (19), and its concentration is estimated at about 2% from the 
relative intensities of the two bands. 

The constants in the zeroth order potential (10) can be calculated 
for various assumed values of the constant k 3 as follows: 6 


kcH 

&CA/ 

k. 

6.30 

16.2 

0 

6.25 

1C.4 

— 0.3 

6.17 

16.6 

—0.6 


and k a s* — 0.26 x 10“ U dy. cm ./rad. 

A calculation of the constants in the most general cubic and quartic 
potential functions is as yet not possible as there are more unknown 
constants than there are relations among them. For this reason, it 

4 A. Dadieu, Naturwiss. 18, 895, (1930); see also Kohlrausch, Der Smekal- 

Raman Effekt, Pp. 245, 319, 320, (§4, D below). 

6 D. Williams, Jour. Chem. Phys. 4, 84, (1936). 

® It is to be noted that these force constants differ considerably from the values 
obtained by using instead of the zeroth-order frequencies the observed frequencies 
v 1 =2089, v a =712, v 8 =3313, namely, 

kgjj-z: 6.7, fc CJV =18.06 for — — 0.3. 

See a similar situation in the case of C 2 H 2 below; also T. Y. Wu & A. T. Kiang, 
Jour. Chem. Phys. 7, 178, (1939). 
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would be desirable to have a similar analysis of the spectrum of DCN, 
as it would furnish the necessary relations for this purpose. 

5a) DCN 

The Raman spectrum shows a strong line at 1906 cm -1 1 and the 
infrared absorption spectrum shows two bands at 569.1 and 2630 cm -1 . * 
These are undoubtedly the fundamentals vi, v 2 , v 3 of the molecule. The 
fundamental v 2 =569.1 has been resolved into rotational lines. From 
the line spacing Av=2.414 cm -1 , the value 22.92x10 '*° g. cm 2 is obtained 
for the moment of inertia of the molecule. 3 

6, 7, 8) C1CN, BrCN, ICN 

The Raman spectra of these molecules are known 1 . In such heavy 
molecules, the effect of anharmonicity will be small and in the calcula¬ 
tion of the potentials we may take the observed frequencies as the zeroth- 
order frequencies. As the interaction between the two extreme atoms 
in such molecules probably cannot be neglected, and as the two parallel 
fundamentals do not suffice for the determination of the three constants 
in the potential (10), it would not be possible to obtain accurate values 
for the C-N and C-X bond constants. The results for fc 3 =0 are given 
in Table X together with the observed frequencies and the electron dif¬ 
fraction values for the C-Cl and C-Br distances 2 . 



Vl 

v 2 

vg 

r(C-X) 

fc a s*xion 

k C~N 

k C-X 

C1CN 

729 

397 

2201 

1.67 

0.40 

16.6 

6.15 

BrCN 

680 

368 

2187 

1.79 

0.37 

16.8 

4.17 

ICN 

470 

321 

2168 

1.96 

0.30 

16.7 

2.94 


Table X. Fundamental frequencies & potential constants 
of halogen cyanides 


1 A. Dadieu and H. Kopper, Wien. Anz. 92, (1935); Landolt-Bomstein Tables, 
Erg. Ill, P. 1194. 

2 P. E. Bartunek and E. F. Barker, Phys. Rev. 48, 616, (1935). 

8 An estimate of the zeroth-order frequencies can be made by means of 
equations (14) and the constants in (20) with fe 3 = —0.3. They are 

o> 1 =1900, <d 2 =578, «o s =2600 (21) 

Comparison of these with the observed values shows that the effect of anharmonicity 
is smaller in DCN than in HCN. 

1 W. West & Marie Farnsworth, Jour. Chem. Phys. 1, 402, (1933). 

2 J. Y. Beach & A. Turkevich, Jour. Am. Chem. Soc. 61, 299, (1939). The 

C—N distance is given to be 1.13 A. The C—I distance given in Table X is that 
estimated by D. P. Stevenson, Jour. Chem. Phys. 7, 171, (1939). 
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By varying the value of fcs from — lx 10 s to lxlO 5 , the values 
of the C-N bond constants in these molecules vary about the values in 
Table X to the extent of about 15%. As there seem to be no a priori 
reasons or convincing arguments for any particular value of K, we 
should perhaps regard the C-N constants as uncertain to the same ex¬ 
tent. The electron diffraction values for the Cl-C and Br-C distances 
indicate some contributions of double bond characters arising from re¬ 
sonance between the structures X—C=N and X=C=N. This is also 
shown by a comparison of the C-X bond constants in these molecules 
and those in the methyl halides which contain single bond C-X (see 
Table L). 

9, 10, 11) OCN7SCN7SeCN7ions 


The Raman frequencies of these ions are known 1 . The constants 
in the simple valence force potential (fc s =0 in (10)) calculated from 
the observed frequencies are summarized in Table XI. 



V, 

v 2 

vs 

^ c CN*^ r ‘ T> 

fc cx* 10-8 

fc 0 8*.IOH 

OCN~ 

867 


2193 

10.67 

4.69 


SCN~ 

760 

398 

2066 

14.35 

6.34 

0.36 

SeClST 

676 


2062 

J4.64 

4.14 



Table XI. Fundamental frequencies and potential constants 
of OCN“ SCN~, SeCN“ ions. 


In the calculation of k a s 2 for SCN , the C-N distance is taken to be 
1.15A and the S—C distance 1.54A. It is seen that the C—N bond con¬ 
stants in SCN~ and SeCN~are considerably lower (by about 15%) than 
the value in HCN, and the difference seems to be somewhat greater 
than what can be ascribed to the neglect of the interaction between 
the two extreme atoms. It is possible that the difference, if it is real, 
is due to a difference in the structure of the C—N bonds in these ions 
and the HCN molecule 8 . 

1 Langseth, J. Rud Nielsen & Sorensen, Zeits. f. phys. Chem. B 27, 100, (1934); 
Cf. L. Kahovec and K. W. F. Kohlrausch, Zeits. f. phys. Chem. B 37, 421, (1987). 

8 J. W. Linnett and H. W. Thompson, Jour. Chem. Soc. Lond. P. 1399, (1937), 
suggested that there is a resonance between the structures S=C=N~ and S—C = N 
since the C—S bond constant lies between the value 7.65 in CSj (in which the bond 
is mainly a double bond) and the value 3.0 in methylthiol in Which it is a single 
bond. 
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B) Bent Molecules 
1) H 2 0 


The water molecule is of great interest because of its common 
occurrence and also because in spite of its apparant simplicity, it possesses 
a rich spectrum extending from the far infrared to the photographic 
region. The near infrared absorption bands have been studied by 
Sleator and Plyler 1 , the photographic bands by Mecke and his collabora¬ 
tors 2 , and the far infrared region by Randall, Dennison and their col¬ 
laborators 8 . The complexity of the rotational structure of the bands 
confirms the triangular model for the molecule suggested by chemical 
and electric moment data and demanded by the quantum theory of directed 
valence. Such a molecule belongs to the class of asymmetrical rotators 
discussed in Chap. IV, In Chap. Ill, (94a) and (94b), we have shown 

that in transitions in which Av 3 iB j odd , the change of the electric 

moment is f ^to the axis of symmetry. This axis of symmetry is the 
axis of least or intermediate moment of inertia according as 


tan s — < M 
2 > M + 2m 


( 22 ) 


where a is the apex angle of the triangular molecule, and M, m are 
the masses of the oxygen and the hydrogen atom respectively. Accord¬ 
ing to §3, C and Fig. 20 in Chap. IV, vibration-rotational bands with 

Av 3 - |® dd n will be of the j or the | „g„ type according as 

88*4°. In particular, the two fundamentals vi and vj will be of the 
“A" type and v 8 of the “B” type if a<88i/ 2 °, and conversely if a>88i/ 2 °. 
An examination of the band structure of the fundamentals and the har¬ 
monic and combination bands shows that the latter is the case, i.e., the 


a W. W. Sleator, Astrophys. Jour. 48, 125, (1918); Sleator and E. R. Phelps, 
ibid., 62, 28, (1925); E. K. Plyler and Sleator, Phys. Rev. 37, 1433, (1931); Plyler, 
ibid., 89, 77, (1982). 

2 R. Mecke, Zeits. t. Physik 81, 313, (1933); W. Baumann and Mecke, ibid., 
81, 446, (1938); Freundenberg and Mecke, ibid., 81, 465, (1933); Mecke, Hand-u. 
Jahrbuch d. chem. Physik 9/II, P. 365, (1934). 

s H. M. Randall, D. M. Dennison, N. Ginsberg & L. R. Weber, Phys. Rev. 52, 
180, (1937); also R. B. Barnes, W. S. Benedict & C. M. Lewis, ibid., 47, 918, (1935); 
N. Wright and Randall, ibid., 44, 89, (1938). 
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axis of the least moment of inertia is perpendicular to the axis of sym¬ 
metry of the molecule. In fact, Mecke and his collaborators have been 
able to give a complete analysis of all the bands in the near infrared 
and the photographic region (17 bands altogether) on the basis of the 
quantum mechanics of an asymmetrical rotator. They located all the 
rotational energy levels for 4, and some of the levels for J> 4. From 
these energy levels, it is possible to calculate the principal moments of 
inertia of the molecule for different vibrational states by means of the 
equations giving the energies according to the quantum mechanics. They 
found that the effective moments of inertia vary for different vibra¬ 
tional states, their values in 10~ 40 g.cm 2 being expressible by the follow¬ 
ing empirical relations 

I A = 0.996 — 0.026 — 0.098 v 2 + 0.046 v„ 

1b = 1.908 + 0.033 v x — 0.034 v. x + 0.014 v 3 , (23) 

Ic = 2.981 + 0.062 v x + 0.062 v. x + 0.047 V s , 

in which the terms 0.996, 1.908, 2.981 are the values in the normal 
state. That the values of I A > 1b> Ic do not satisfy the relation lc = I a + 1b 
for a plane model is due to the fact that the values so obtained are 
the effective average values during the vibrations. The dimensions of 
the molecule ip the normal state calculated from the moments of inertia 
are the following: 4 

a = 104° 36', r (O—H)= 0.9558 A, (24) 

With improved experimental technique, Randall, Dennison and their 
collaborators have recently mapped and accounted for practically every 
line J, t ->J', t' of observable intensity in the pure rotational spectrum 
in the region between 80 and 550 cm -1 . The accuracy with which tbe 
frequencies of the lines are determined is about 0.05 cm -1 . The rota¬ 
tional energy levels derived from the analysis of the spectrum are given 
in Table XII for J:f=6, just to give some idea as to the arrangement 
and the magnitude of the rotational levels of an asymmetrical rotator. 
It is worthy of remark that the observed frequencies of 160 lines all 
agree within 3 or 4 tenths of a cm -1 with the frequencies calculated 
from 115 rotational levels (of which those in Table XII are only a 
part). In general, for states with low values of J and r, the rotational 

4 The quantum theory of directed valence requires the angle between the two 
O—H bonds to be a right angle. The greater value observed can be explained aa 
arising from the exchange repulsion between the two H atoms. 
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levels obtained empirically agree within ca. 1 cm -1 with those calculated 
from the quantum-mechanical theory for the asymmetrical rotator with 
the dimensions given in (24) ; but for states with high values of J and 
r, they differ by as much as 200 cm -1 for ,7=10 and t=10 and by ca. 
280 cm -1 for /=11 and. t=ll. These differences can be accounted for 
by taking into consideration the effect of the centrifugal distortion of 
*the molecule. Hence we may say that our knowledge concerning the 
vibrational and the rotational energies of the water molecule is now 
fairly complete. 

Table XIII summarizes the vibration-rotational bands of the water 
molecule in the infrared and the photographic region, together with 
their assignments and the values of the valence angle for the upper 
vibrational states. The letters D and Z under “band type” denote that 
the band is of the “B” type (no apparant Q branch) and the “A” type 
(with an apparant Q or zero branch) respectively. 


J X 

E in cm -1 

J X 

E in cm -1 

J x 

£ in cm" 1 

0 0 

0 

4 —4 

221.90 

5 4 

742.30 



4 -3 

224.74 

5 6 

742.30 

1 -1 

23.78 

4 -2 

276.21 



1 0 

37.06 

4 -J 

300.33 

6 -6 

446.69 

1 1 

42.30 

4 0 

316.66 

6 -5 

447.20 



4 1 

382.49 

6 -4 

642.80 

2 -2 

70.03 

4 2 

383.90 

6 -3 

653.00 

2 -I 

79.38 

4 3 

488.24 

6 -2 

602.78 

2 0 

96.04 

4 4 

488.24 

6 -1 

649.11 

2 1 

134.81 



6 0 

661.63 

2 2 

136.10 , 

5 -5 

325.23 

6 1 

766.90 



6 -4 

326.49 

6 2 

767.84 

3 -3 

136.74 

5 -3 

399.45 

6 3 

888.85 

3 —2 

142.17 

6 -2 

410.02 

6 ^ 

888.89 

3 -1 

173.33 

5 -1 

446.52 

6 5 

1045.34 

3 0 

206.26 

6 0 

503.94 

6 6 

1045.34 

3 1 

212.07 

5 1 

508.86 



3 2 

285.26 

5 2 

610.21 



3 3 

285.45 

5 3 

610.42 




Table XII. Rotational energy levels of H 2 0 


8 D. H. Rank, Jour. Chem. Phys. 1, 504, (1933); D. H. Rank, K. D. Larsen 
and E. R. Bordner, Jour. Chem. Phys. 2, 464, (1934). Lines at 1648, 984 cnT 1 
reported by Johnston and Walker, Phys. Rev. 39, 635, (1932) were not confirmed 
by Rank. 
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Transitions 

V \ v % - bvi vt 

cw“J obp. 

band type 

pj»~* p»lp. 

a 


OOp 0 

1 

Q 

1593,4 

D 

+ 

107 0 

30 # 

0 

2 

0 

3162 

D 

♦ 

110° 

10' 

X 

0 

0 

3664 

Reman 5 




0 

0 

1 

3756.35 

z 

• 

103° 

46' 

0 

I 

X 

6832.3 

z 

5831.0 

106° 

80' 

1 

0 

I 

7253 

z 

7255 

IP3° 

45* 

1 

1 

l 

8807.0 

z 

8810.0 

106° 

30' 

2 

0 

J 

10613.1 

z 

* 

103° 

40* 

0 

0 

3 

11032.36 

z 

♦ 

102° 

6' 

2 

I 

1 

12151.14 

z 

12150 

105° 

40' 

0 

.1 

© 

«> 

12565.01 

z 

* 

104° 

10' 

3 

0 

X 

13830.92 

z 

f 

103° 

20' 

1 

0 

3 

14318.77 

z 

* 

102° 

20* 

3 

1 

X 

15347.9 

z 

15338.6 

105° 

26' 

1 

1 

3 

15832.47 

z 

* 

104° 

20' 

3 

2 

1 

10821.21 

z 

16827.4 

107° 

26 f 

4 

0 

1 

16899.01 

z 

16908.1 

103° 

55' 

2 

0 

3 

17496.48 

z 

17464.7 

J02° 

0' 


Table XIII. Vibrational spectrum of H 2 0 


Bonner has carried out a first and second order perturbation cal¬ 
culation of the vibrational energy of the water molecule®. The energy 
is expressible in the form 

EJh — x' + v, Vj + vg v t + v, v, 4- Xn v\ 4- x^v'i+XM v% 


+ x Q v, v 2 + X a Vj Vg 4- x& v 2 v u (26) 

and the zeroth-order frequencies are given by 

= Vj — Xy — — "i "Tis* 

o)j — Vg Xiq \ ^ x a , ( 26 ) 

Wg = Vs — Xh — a?jg — 

where the t ’s and the x’s are expressible in terms of the constants in 
the anharmonic potential. From the nine bands marked by • in Table 
XIII, the following coefficients are obtained 

Vj = 3674.8, x n = — 70.2, = — 21.0, 

v s = 1616.0, = — 19.5, x n = — 18.9, (27) 

v, = 3796.0, »gg = — 89.5, *« = — 106.1. 


8 L. G. Bonner, Fhys. Rev. 46, 486, <1934) 
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and from (26), 

©1= 3807.5, o> 2 = 1654.5, o>8 = 3899.0. (28) 

For the zeroth-order potential of the molecule, Cross and Van 
Vleck suggested a modified valence potential of the form 7 

2 V=k + (3r 2 ) 2 j + (rbd) i +2k 1 br 1 br 2 +2k 2 (br,+br i )rba. (29) 

With this potential, the determinantal equation gives 

>■ + «■- \ + ”' ) + * 

= ^ i) — 4 ftfj * (30) 

where (M+m). On neglecting the term in fc 2 , one can calculate 

the other three constants with the frequencies in (28), 8 

k = 8.23, kd = 0.75, k t = — 0.076 x 10*, 
k a r 2 = 0.68 x 10“ u dy.cm./rad. , 

A calculation of the first and the second order potentials of Bonner 
is as yet not practicable since the number of unknown constants exceeds 
the number of relations connecting them and the cefficients in (25). For 
this purpose, a vibrational analysis of the spectrum of the D 2 0 molecule 
would be necessary ^ 

Fihally we may remark in passing that the water molecule plays 
an important part in the “blanket” effect of the atmosphere of the 
earth 9 . The intense absorption band va of the molecule gives rise to 
a strong absorption by the water vapor in the atmosphere in the region 
from 6 to 8 /a. At still longer wave length, X>17p, strong absorption 
arises from the pure rotational spectrum of the water molecule. These 
together with the strong v 2 =667 cm -1 (15/i) fundamental of C0 2 and 

» P. C. Cross and J. B. Van Vleck, Jour. Chem. Phys. 1, 850, (1933). 

8 This value for the O—H bond constant is to be compared with the value 
7.46 XlO 5 obtained by using the observed frequencies instead of the zeroth-order 
frequencies. 

• A. Adel, V. M. Slipher & E. F. Barker, Phys. Rev. 47, 680, (1936). 
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the vi=1037 cm - " 1 (9. 6 / 1 ) and va=710 cm *- 1 (14/*) fundamentals of ozone 
account for the blanket effect of the atmosphere for infrared radiations 
beyond 5/*. 

la) D 2 0 

The fundamental frequencies va and v 8 of this molecule have been 
located in the infrared absorption spectrum at 1179 and 2784 cm ” 1 re¬ 
spectively by Sleator and Barker 1 . The fundamental v x has been found 
in the Raman spectrum of the vapor at 2665 cm ” 1 . 2 An analysis of 
the pure rotational spectrum has recently been started in the Michigan 
laboratory 8 . But there seem to have been no observations on the har¬ 
monic and combination bands that would permit a calculation of the 

zeroth-order frequencies of the molecule 4 . This is due to the impracti¬ 

cability of obtaining a large amount of the heavy water vapor for the 
harmonic and combination bands to show with observable intensities 
(especially in the photographic region which in the case of H 2 0 contains 
a large number of bands in the absorption spectrum of the atmosphere 
of the solar radiations). 

1 W. W. Sleator & E. F. Barker, Phys. Rev. 46, 337, (1934); Jour. Chem. 
Phys. 3, 660, (1935). 

2 D. H. Rank, K. D. Larsen & E. R. Bordner, Jour. Chem. Phys. 2, 464, 

(1934); R. W. Wood, Phys. Rev. 45, 392, 732, (1934). 

8 N. Fuson, H. M. Randall & D. M. Dennison, Phys. Rev. 55, 590, (1938). 

4 On the reasonable assumption that the potential of D 2 0 is the same as in 
H 2 0, the zeroth-order frequencies of D 2 0 can be calculated from (30). They are 
o 1 = 2764.7 > «o 2 = 1209.7, <o 3 =2865.4. (32) 

Bonner, Phys. Rev. 46, 458, (1934), has made an estimate of the expected observed 
frequencies on the following considerations: Because of the relation (58), Chap. 
Ill, between the normal coordinate's and the dimensionless coordinates, namely, y $» 
2 rt ^faxJk)X{f ^ 1® seen from the expressions for the second-order energy change 
(70), (71) and (72) of Chap. Ill, that the anharmonicity coefficients in D 2 0 would 
be to those in H 2 0 approximately as (<o ') 2 to (co) 2 . From (28) and (32), one finds 
(cd'/co^c^O.BSZ and hence 


v 1 =2694, 

* n =-37.7. 

^23 —11-3, 


v 2 =1188, 


#12 — —10.1, 

(33) 

v 3 =:2810, 

*S8=— 21 - 2 » 

af 18 =—56.9. 


The expected observed frequencies 
v i-|-^ii : =2656, 

are 

Vg "f* #gg ==2789 

(34) 


in good agreement with the observed values. 

1 D. R. Rank, K. D. Larsen & E. R. Bordner, Jour. Chem. Phys. 2, 464, (1934); 
R. W. Wood, Phys. Rev. 45, 732, (1934), gave 2674 for HDO vapor and 2601 for 
D a O vapor. 
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lb) HDO 

The fundamental Vi has been located at 2718 cnr 1 in the Raman 
spectrum of the vapor 1 , and only the fundamentals vi and v 2 have been 
observed in the infrared, at 2720 and 1403 cnr* 1 respectively 2 . The 
values calculated by Van Vleck and Cross by employing the constants for 
H 2 0 in the potential (29) are vi=2720, v 2 =1400 and v a =3760i The 
Raman and the absorption spectra of the liquid have been studied by a 
number of authors, 4 but the liquid frequencies differ in general- too much 
from the frequencies of the gas to be considered in the calculation of the 
potential function of the molecule. 5 

2 ) H 2 S, 2a) HDS, 2b) D 2 S 

From the similarity between the sulphur and the oxygen atoms, 
one expects the structure of the H 2 S molecule to be similar to that of the 
H 2 0 molecule. The study of the vibrational spectrum of H 2 S shows that 
this is in fact the case. The infrared and the Raman spectra of H^S, 1 

2 E. F. Barker and W. W. Sleator, Jour. Chera. Phys. 3, 660, (1936). 

8 J. H. Van Vleck and P. C. Cross, Jour. Chem. Phys. 1, 367, (1933). 

4 J. W. Ellis & B. W. Sorge, Phys. Rev. 46, 767, (1934), gave vi=:2630 cm“ l 

(3.96 jx), v 2 =1480 cm~l (6.76y X ), vs — ^SO cm -1 (3.05n). The much lower values 
for the O — H valence frequency is probably due to association. L. B. Borst, A. M. 
Buswell & W. H. Rodebush, Jour. Chem. Phys. 6, 61, (1938), found vi= 2689 cm" 1 

and v 3 =3669 cm -1 in solution of HDO in CC1 4 and CS 2 . These values are quite 

close to the gas frequency and the calculated frequency respectively. This disap¬ 
pearance of the liquid frequencies upon solution in CC1 4 is similar to that observed 
for alcohol by Errera, Trans. Faraday Soc. 32, 122, (1937), and is due to the break¬ 
ing up of the associated molecules. 

6 L. Herzberg, Zeits. f. Physik 107, 649, (1937), observed and analyzed a band 
at 1.161ja which was ascribed to y x -\- 2v 2 -4-v 3 . From the rotational analysis, the fol¬ 
lowing constants were obtained: r(O — H) =0.970; r(0—D) =0.948A; a=105°43'. 

1 A. H. Rollefson, Phys. Rev. 34, 604, (1929), 1260 cm" 1 band under low 
dispersion; H. H. Nielsen & E. F. Barker, ibid., 37, 727, (1931), 2630 and 3790 
cm" 1 bands under high dispersion; H. H. Nielsen and A. D. Spraque, ibid., 37, 1183, 
(1931); Spraque and Nielsen, ibid., 43, 375, (1933), 5136 cm”" 1 band; Spraque and 
N;elsen, Jour. Chem. Phys. 5, 85, (1937), 1290 and 2685 cm" 1 bands under high 
dispersion; P. C. Cross, Phys. Rev. 46, 536, (1934); 47, 7, (1935), 9911 and 10100 
cm”* 1 bands in the photographic region and rotational analysis of the 9911 cm"" 1 
band; Cross, Jour. Chem. Phys. 5, 370, (1937), 9911 cnr" 1 band; B. L. Crawford 
and Cross, ibid., 6, 371, (1937), discussions; C. R. Bailey, H. W. Thompson & J. B. 
Hale, ibid., 4, 625, (1936), 1236, 2423, 2632, 2911, 3794, 5165 cm" 1 bands all under 
low dispersion; S. Bhagavantam, Nature 126, 502, (1930), 2615 cm" 1 in the Raman 
spectrum of H 2 S gas; G. M. Murphy & J. E. Vance, Jour. Chem. Phys. 6, 426, 
(1938), 2610.8 cm”" 1 in the Raman spectrum of the gas. 
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HDS, 2 D 2 S s have been investigated by a number of authors. The com¬ 
plexity of the rotational structure of the bands leaves no doubt that the 
H a S molecule belongs to the class of asymmetrical rotators. From an 
analysis of the rotational structure of the photographic band at 9911 
cm -1 . Cross has been able to obtain the values of the principal moments 
of inertia of H 2 S, namely, 

1 A — 2.667, J B — 3.067, I c = 6.845 X Kr»g.cm* (35) 

The dimensions of the molecule, however, are not uniquely determined 
by these moments of inertia alone; in fact, there are two values for the 
apex angle, namely, 

a = 86°20' or 92°20' (36) 

that are both consistent with the above values of the moments of inertia. 
According to (22), the molecule will have its symmetry axis along the 
axis of least moment of inertia if the angle has the value 86° 20', but 
along the axis of intermediate moment of inertia if a =92° 20'. It should 
be possible to decide between these two models from the rotational 
structure of the fundamental bands of the molecule. Unfortunately, the 
present state of our knowledge of the structure of the bands is such 
that a definite conclusion as to the value of the apex angle still cannot 
be made. Until more experimental data on the rotational structure of 
the bands are available, it does not seem advisable to decide on either 
one of these models. In the following, we shall rather summarize the 
empirical results obtained by different authors and their interpretations. 

Let us first consider H 2 S. The Raman frequency of the gas at 
2611 cm -1 is most probably vi, as the corresponding vibration in H 2 0 
is the only frequency observed in the Raman spectrum of the vapor. 
Its non-appearance in the absorption spectrum is also similar to the case 
of HjfO. The absorption spectrum has been studied by Bailey, Thompson 
and Hale under low dispersion (prism technique) and by Nielsen, Spraque 
and Barker under high dispersion (grating instrument). These authors 
agree in assigning the low frequency band at ca. 1250 cm -1 to t* and 
the high frequency band at ca.. 2650 cm -1 to v a , but disagree somewhat 

2 Bailey, Thompson & Hale, loc. cit., low dispersion study of HDS bands, see 
Table XV; A. H. Nielsen and H. H. Nielsen, Jour. Chem. Phys. 6, 277, (1937), 
1090 cm -1 band under high dispersion. 

8 Bailey, Thompson & Hale, loc. cit., 898, 1940, 2798 cm -1 bands under low 
dispersion; Nielsen & Nielsen, loc. cit,, 934, 2000, 2685 cm -1 bands under high dis¬ 
persion; Murphy and Vance, loc. cit., 1891.6 cm -1 in the Raman spectrum of DaS gas. 



Ttiatomic Molecules 


167 


as to the values to be ascribed to the band centers, as seen in Table XIV. 
Nielsen and his collaborators found that the 1290 cm -1 band possesses 
an apparent Q branch while the 2685 cm -1 band is of the doublet type. 
It follows from §3, C, Chap, IV, and Fig. 20 that the axis of least 
moment of inertia must lie along the axis of symmetry of the molecule. 
This leads to the acute angle in (36) for the molecule. 


Assignment 

Nielsen, Spraque, 

A Nielsen 

Obs.v Type A 

Bailey, Thompson, 

A Hale 

Obs.v 

v 2 

1290 

z 

10 

1236 

VI 

2010.8 

Raman 


2G10.B 

▼s 

268# 

D 

9 

2632 

Vi+Vj 

.8790 

Z 

10 


2vg 




2423 

Vg+Vg 




3794 

Vi+Vg 

6130 

D 



2y, 




6166 

8vi+vg 




9911 

1 *l+3v« 




10100 

3v,+2v* 

9911 

Z 



2vi+2vg 

10100 

Z 



? 




2911 


Table XIV. Vibrational spectrum of H 2 S 
Numbers under A are the average rotational line spacings. 


Assignment 

D 2 S 

Nielsen 
& Nielsen 

v A 

Bailey 
et al 

HDS 

N let sen 
& Nielsen 

v A 

Bafley 
et al 

v* 

934 Z 4.8 

898 

1090 D 8M 

1078 

Vi 

1891.6 Raman 

18 91.6 



v s 

2000 D 6.0 

J940 



Vl+V 2 

2686 Z 6.0 



2938 

2v 2 




2110 

v 2 +v 3 


2798 


3724 

£Vi 




3849 

-. > .- 




988 


Table XV. Vibrational spectra of D 2 S and HDS 


On the other hand, from a comparison of the observed intensities 
of the lines in the Q branch (J, x «=» J* — >J, x=J— 1) of the 9911 cm -1 
band and the theoretical intensities obtained on considerations of the 
symmetry properties of the rotational levels. Cross concluded that the 
axis of least moment of inertia lies in a direction perpendicular to the 
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symmetry axis. 4 This would lead to the value 92° 20' for the apex angle. 
It seems that one can reconcile this result with that of Nielsen and his 
coworkers only by assuming that either the insufficiently resolved 
rotational structure in the infrared studies might have given a mislead¬ 
ing impression as to the existence or absence of a Q branch, or the 
moments of inertia might change quite appreciably during the vibrations 
(see (23) for H 2 0) so that the band structure might differ from what 
should be the case for a rigid molecule with a =92° 20'. It seems that 
this point must be settled by a complete rotational analysis of the in¬ 
frared bands as for the H 2 0 molecule. 

For D 2 S, the Raman spectrum of the gas gives only one line at 
1891.6 cm -1 , and infrared spectrum gives three bands. For HDS, only 
infrared data are available. The frequencies ascribed to the band cen¬ 
ters by Bailey, Thompson and Hale again differ slightly from those by 
Nielsen and Nielsen, as seen in Table XV. As the observations of Bailey 
et al are made with low dispersion (no resolution into rotational lines) 
while those of the Nielsen’s are made with much higher dispersion and 
resolution (rotational lines partially resolved), it seems that more 
weight should be given to the work of the latter authors. According to 
them, the observed band type of the bands again is consistent with the 
86° 20' for the apex angle, in contradiction to the conclusion of Cross. 
Again further experimental work and analysis of these bands are neces¬ 
sary before a definite assignment of the bands and a determination of 
the shape of the molecule can be made. 

Because of the unsettled state as to the values and the assign¬ 
ments of the observed frequencies as discussed above, it seems rather 
premature to calculate the potential constants of the molecules H 2 S, 
HDS, D 2 S. We give below, however, the tentative values of the poten- 

4 The symmetry properties of the rotational levels are of two classes: one 
whose rotational wave function is symmetrical and spin wave function antisymme- 
trical with respect to the interchange of the two H nuclei, and the other with 
wave functions having reciprocal properties. As shown in Chap. IV, §3, transi¬ 
tions between levels of the first class have a factor 1 and those between levels of 
the second class a factor 3 in their intensities. A detailed consideration of the 
rotational wave function of the asymmetrical rotator YX 2 (Dennison, Rev. Mod. 
Phys. 3, 280, (1931)) shows that the symmetry properties are different for the 
two cases: axis of least moment of inertia || or J. to the symmetry axis. Hence 
from the observed intensities of the rotational lines, it is possible to distinguish be¬ 
tween these two cwses. 
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tial constants in (29) according to both Nielsen’s assignment and that 
of Bailey, et al. 6 



According to 

Nielsen, et al 
a=vS5° 20* 

According to 

Bailey, et al 
a =*92° 20/ 

H,S 

D 2 S 

H 2 S 

D 2 S 

k HS 

4.02 

4.19 

4.25 

4.33 

k a 

0.48 

0.49 

0.476 

0.478 

ki 

-0.12 

-0.27 

-0.04 

-0.07 


Table XVI. Potential constants of H 2 S and D 2 S 


It is seen that both assignments gave practically the same force 
constants. It must be remembered that these force constants are only 
approximate because (i) of the uncertainty in the value of the apex 
angle, ( ii ) of the uncertainties in the frequencies ascribed to the band 
centers, and (in) of the fact that in our calculation according to Nielsen’s 
assignment, the observed rather than the zeroth order frequencies have 
been used. Until the uncertainties due to (i) and (ii) have been re¬ 
moved, we must refrain from attempting any refinement of the calcula¬ 
tion as done for the H 2 0 molecule. 6 

3) H 2 Se, 3a) HDSe, 3b) D 2 Se 

The Raman spectrum of H 2 Se gives one line at 2312 cm -1 and 
that of D 2 Se one line at 1665 cm -1 . 1 The infrared spectra of the three 

« Bailey, Thompson & Hale, Jour. Chem, Phys. 4, 625, (1936), also calculated 
the potential constants for a model with a=110°. This value for a was obtained 
on what they called the Teller relation 

vJh(s + 2D sin* =v’i D (S + 2H sin* -|) 

between the symmetrical frequencies vi H 2 S and D 2 S. But this is obviously a 
mistake, since this relation holds for the antisjnnmetrical frequency vs but n °t ^ or 
as can easily be seen from equs. (30) above. Also it has been pointed out by 
Spraque and Nielsen, ibid., 5, 85, (1937), that the value a=110° is entirely incom¬ 
patible with the observed rotational structure of the bands. 

« Bailey, Thompson & Hale, loc . cit. f have attempted to evaluate the coefficients 
in the expression (25) and to obtain the zeroth-order frequencies from (26). On 
account, however, of the uncertainty in the frequencies of the band centers deter¬ 
mined from their low dispersion work, one may doubt the significance of the result 
of such a calculation. 

i A. Dadieu and W. Engler, Wien. Anz. 128, (1935). 
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molecules have recently been observed by Sears, Cameron and Nielsen. 1 
The frequencies and the rotational line spacings of the observed bands 
are summarized below. 



H*Se 

V 


AV 

i HDSe 

v 

Av 

DjtSe 

V 

Av 

V! 

2812 

Ra. 


1 

I 


1065 Ra. 



2800 

D 

7.8 

| 1610 Z 




V* | 

1100 

D 

7.8 

910 D 

5.5 

760 

4.0 

v 8 | 

2380 

Z 

7.8 

| 2385 D 

5.5 

1700 



Table XVII. Fundamental frequencies of H 2 Se, HDSe, D 2 S 


A tentative calculation of the potential constants in (29) can be 
made with the data vi=2300, v 2 =1100, v a =2380 for tt 2 Se and v»=1700 
for D 2 Se. One obtains 

a a 126 ° 

k B8 < = 3.18, k a = 0.36, k 1 =— 0.09 (37) 

A check of these values is furnished by comparing the observed frequen¬ 
cies of HDSe with the values calculated by using these constants in (21) 
of Chap. II, which hold for Aj x = 0. The agreement is satisfactory. The 
constants in (37) are, however, only approximate, since an accurate 
calculation requires a knowledge of the zeroth-order frequencies of these 
molecules, 

4) CI0 2 

The infrared spectrum of this molecule has been studied by Bailey 
and Cassie 1 and by Ku. a The latter author found from the electronic 
hands that the fundamental frequencies of the normal electronic state 
are 954, 1105 and 529 cm -1 . The first two have been located in the 
infrared by all the above authors, but the last has not been observed in 
the infrared probably because of the limitation of the prism technique 
in their work. In table XVIII, we give Ku’s assignment of the fre* 
quencies and her values for the constants in a simple valence force 
potential. In view of'the general empirical result that in all other known 

* W. C. Seats, D. M. Cameron A H. H. Nielsen, Pays. Rev. 68, 880, (1988). 

1 Bailey and Cassie, Proc. Roy. Soe. A 187, 022, (1982) ; 140, 605) 142, 129, 
(1933). 

2 Z. W. Ku, Phys. Ret. 44, 876, (1988). 
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Obs. v & 

According 

Here 

band type 

to Ku 

suggested 

964 D 

v 2 D 

Vi D 

1106 Z 

v s z 

V 8 Z 

1864 f 

2 Z 

2 vi D 

2034 ? 

V 2 +V 8 D 

vi-fv 8 Z 

529 (from electronic band only) Vi Z 

v* D 

kcio 

6,74 X10 6 

6.83 X JO 6 

ka 

1.16 

0.68 

a 

659 

122 ° 


Table XVIII. Vibrational spectrum and potential constants of C10 2 


triatomic molecules the frequencies Vi and v 8 which are essentially de¬ 
termined by the valence force are of the same order of magnitude and 
v»>vi, and v 3 is lower than both vi, and v s , it seems that an alteration 
of the assignment is desirable. This assignment leads to the value 122" 
for the apex angle and slightly different values for the constants. The 
value 137° ±15° obtained from electron diffraction measurements seems 
to support this assignment. 3 An examination of the 529 cm -1 band, if 
it is a fundamental band at all, would decide between the two assign¬ 
ments. 4 

6) S0 2 

The infrared spectrum of the S0 2 molecule has been studied by 
Bailey and Cassie, 1 and the Raman spectrum by a number of authors. 2 
The triangular model is established by ( i ) the electron diffraction 
measurements of Cross and Brockway who found r(S-O) =1.46±.02A 

8 Cf. 1*. O. Brocfcway, Rev. Mod. Phys, 8, 231, (1986), 

4 It should be possible to discriminate between the two sets of constants in 
Table XVIII by comparing the observed isotope shifts in the molecules with Cl=35 
and Cl=37 with the theoretical values according to the results of §7, Chap. II. The 
isotope shifts measured by Ku, loc. cit. f are, however, not sufficiently accurate for 
this purpose. 

1 Bailey and Cassie, Proc. Roy. Soc. A 180, 144, (1830); 137, 622; 138, 631; 
(1032); 140, 606, (1983); R. M. Badger and L. G. Bonner, Phys. Rev. 48, 306, 
(1938). 

2 Cf. Kohlrausch, Der Smekal-Raman Effekt, P. 362; J. Cabannes and A. Rous- 
set, C. R. 194, 79, 707, (1932): H. Gerding £ W. J. Nijveld, Rea trav. chimi. 66, 
968, (1937). 
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and 124°dbl5° for the apex angle a, 8 (ii) the presence of three funda¬ 
mentals in both the Raman and the absorption spectra, and (in) the 
polarization characters of the Raman lines observed by Cabannes and 
Rousset. 2 The observed data are summarized in Table XIX. 


Assignment 

Obs. 

V 

and band type 


f 525 



v 2 

\ 525 

P 

Raman (liquid) 

Vi 

] 1150 


D 

\ 1151 

P 

Raman (gas) 

V 3 

J 1360 


Z 

X 1366 

d 

Raman (liquid) 

v 2 +v 8 

1870 



£v, 

2305 


b 

Vi+V 3 

2500 


? 


Table XIX. Vibrational spectrum of S0 2 


With the fundamentals in Table XIX, and with a~122°, the con¬ 
stants in the potential (29) can be calculated, 

k so = 9.91, fr a = 0.82, k x = — 0.09 x 10 B , 

fr a r* = 1.73 x 1(T U . (38) 

6) N0 2 

The infrared spectrum of this molecule has been investigated by 
a number of authors 1 ” 4 . From electron diffraction measurements, it is 
established that the molecule is not linear and that the apex angle is 
ca. 120° and the N—O distance ca. 1.15A. 6 The dispersion employed in 
the infrared studies is low, except in the work of Sutherland who showed 


8 P. C. Cross and L. O. Brockway, Jour. Chem. Phys. 3, 821, (1935); Cf. L. O. 
Brockway, Rev. Mod. Phys. 8, 231, (1936). 

1 R. Schaffert, Jour. Chem. Phys. 1, 507, (1933), found also two bands at 1373 
and 3008 cm"' 1 . 

2 G. B. B. M. Sutherland, Proc. Roy. Soc. A 145, 278, (1934), found in addition 
a band at 1360 cm" 1 which he ascribed to the nitrite ions formed on the rocksalt 
windows of the absorption tube. 

8 Bailey and Cassie, Nature 131, 239, (1933). 

4 L. Harris, & G. W. King, Jour. Chem. Phys. 2, 51, (1934). They also calcu¬ 
lated the anharmonicity coefficients in the energy expression. In view of the low 
accuracy with which the frequencies are known and of the lack of knowledge of the 
band types, the result is not included. 

6 Maxwell, Moseley & Deming, Jour. Chem. Phys. 2, 331, (1934). Th* experi¬ 
mental data do not entire.y exclude the possibility that a=90°. 
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the 648, 2220 and 2910 cm -1 bands to be of the doublet type. The assign¬ 
ments of the observed bands have been recently discussed by Sutherland 
and Penney. 7 They are given in the following table. 


Assignment 

cnr* 1 

Obs. v 

type 

Predicted 

type 

Observers 

Vj 

648 

8 

D 

D 

1, 2 

Vi 

1821 

W 

? 

D 

6 

v 8 

1621 

s 

? 

Z 

1, 2 

V*+Vg 

2220 

m 

b 

Z 

2 

SVi 

2680 

m 

? 

D 

2, 5 

Vi-f-Vs 

2910 

8 

D 

Z 

2, 4 


8242 

xn 

r 

D 

2, 4 

V1+V-+V3 

8597 

w 

? 

Z 

4 

£Vi-fVg 

4140 

s 

? 

Z 

4 

av 8 

4753 

m 

? 

Z 

4 


3927 

w 

? 


4 


4427 

w 

r 


4 


Table XX. Vibrational spectrum of N0 2 


The assignment of the 1321 cm -1 frequency to Vi is based on the 
observation by Harris, Benedict and King® of the appearance of the 
frequency differences 1321 and 2630 cm -1 in the ultraviolet spectrum 
of the molecule. That the frequency 1321 cm -1 has not been observed 
in the infrared may be due (i) to its low intensity—a situation similar 
to that of the H 2 0 spectrum, and (it) to the fact that it might have 
been masked by the strong absorption at 1350-1370 cm -1 which has been 
ascribed to the nitrite ions formed on the rocksalt windows of the absorp¬ 
tion cell. 2 An examination of the Raman spectrum would be desirable 
to definitely establish the fundamental 1321 cm -1 , although this would 
not be without experimental difficulty as the spectrum must be taken 
at temperatures higher than ~150°C in order to rid the gas of N 2 0 4 . 

It is seen from Table XX that the predicted band types of the 
2220 and 2910 cm -1 bands do not agree with the observed structure. 
Sutherland and Penney suggested that this may be due to the unsuitable 
experimental conditions for the observation of the expected Q branches, 
or to the possibility that these bands may not belong to N0 2 at all (the 
2220 cm -1 band may be the N 2 0 fundamental vs). In any case, until 

1 Sutherland and W. G. Penney, Proc. Roy. Soc. A 156, 678, (1936). The 
value vi=1370 given in a paper preceding this by the same authors appears to be 
an error on comparison with the second paper. 

■ Harris, Benedict & king, Nature 131, 621, (1933). 
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more data are available, the assignments in Table XX must be regarded 
as tentative. 

The constants in the potential (29) can be calculated, on assum¬ 
ing q=120°, 

kso = 9.38, k a = 1.08, ft, = — 0,23, 

k a r* = 1.43 x 10“ u . 

7) 0 3 (ozone) 

The infrared spectrum has been investigated by Gerhard and by 
Hettner and his ccworkes. 1 The assignment of the observed frequencies 
has been discussed by a number of authors. 2 Although an equilateral 
triangle model can be eliminated since for such a model there would 
be one (doubly degenerate) active fundamental while the the observed 
spectrum calls for more than one, there has been considerable difficulty 
in assigning the observed frequencies and in determining the actual shape 
of the molecule, i.e., the apex angle of the isoceles triangle model. It 
is shown by Sutherland and Penney 2 that the only assignment yielding 
reasonable values for the potential constants is the one shown in Table 
XXI, any other alternative assignment leading to unreasonably high 
values for the deformation force constant ka. 


T 


Assignment ! 

Observed 
cm"" 1 in t, type 

Predicted 

type 

i 

710 

6 

D 

D 

1 

1043/7 

8 

D 

1 D 

Vs 

1740 

w 

? 

Z 

Sv a 

2X05 

a 

7 

£ 

2Vi+v 2 

2800 

w 

? 

i D 

i 

3060 

w 

? 

D 


Table XXI. Vibrational spectrum of 0 8 


This assignment leads to the following values for the apex angle 
and the constants in the simple valence force potential 

1 S. L. Gerhard, Phys, Rev. 42, 622, (1932); Hettner, Pohlmann & Schumacher, 
Zeits. f. Physik 91, 372, (1934); Zeits. f. Elektrochem. 41, 624, (1936); A. Adel, 
V. M. Slipher & O. Fouts, Phys. Rev. 49, 288, (1936). 

a R. M. Badger & L. G. Bonner, Phys. Rev. 43, 305, (1983); W. S. Benedict, 
ibid., 43, 680, (1988); Hettner et al, loc, eit.; Sutherland and Penney, Prop. Boy. 
Soc. A 166, 678, (1936). 

* G. Sutherland & S. L. Gerhard, Nature 180, 241, (1982). 
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a —127°, k = 11.5, fra = 0.70 X 10 5 . (40) 

It is seen from Table XXI that this assignment has the disad¬ 
vantage of ascribing the weak band at 1740 cm” 1 to the fundamental 
v 3 which is strong in other triangular molecules such as H 2 0, H 2 S and 
NOo. Although this may not be a series difficulty, the assignment must 
be regarded as tentative until the band types of the other absorption 
bands are known from further experiments. An observation of the 
Raman spectrum would be particularly valuable for establishing the 
fundamental frequencies, but an attempt by Sutherland and Gerhard to 
obtain the Raman spectrum has not yielded positive results.* 

8) F 2 0, 9) CloO 

Electron diffraction measurements show that these molecules are 
not linear but are symmetrical. 1 The bond distances and valence angles 
are as follows: 

F.O, r(F — 0) = 1.41 =fc .05 A, a = 100° ± 3° 

C1 2 0, r(Cl-0)= 1.G8 dt .03 A, a = 115° it 4°, (41) 

The infrared spectrum of F 2 0 has been studied by Hettner and his 
coworkers 2 and that of C1 2 0 by Bailey and Cassie. 3 Sutherland and 
Penney 4 showed that the only assignments of the existing data that give 
reasonable values for the potential constants are the following: 



FjO 


!! 

1! 


C1 2 0 



Assignment 


Band type i 

Assignment 


Band type 1 


cm -1 

obs. 

pred. 


cm -1 

obs. 

pred. 

v 2 

492 

? 

D j 

2v 2 

T40 

? 

D 

« 

> 

1 

<>25 

? 

z 


680 

? 

D 

Vl 

883 

L)> 

D 

V 3 

973 

Z 

Z 

2V 2 

926 

D 

D 

V 2 +V 3 

1245 

? 

Z 

Vg 

1110 

? 

Z 

2v t 

1331 

? 

D 

Vl+V 2 

1280 

? 

D 





V]+2v 2 

1740 

LI 

D 





2vs 

2190 

? 

D 





2Vi- f-2v 2 

2514 

? 

D i 






Table XXII. Vibrational spectra of F 2 0 and C1 2 0 


1 Cf. L. O. Brockway, Rev. Mod. Phys. 8, 231, (1936). 

2 Hettner, Pohlmann & Schumacher, Zeits. f. Physik 96, 203, (1935). 

8 Bailey and Cassie, Proc. Roy. Soc. A 142, 129, (1933). 

4 Sutherland and Penney, Proc. Roy. Soc. A 156, 678, (1936). 
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With the apex angles given in (41) and the fundamentals in Table 
XXII, the equations (30) with k 2 =0 give no real solutions for k and k\. 
On letting jfci=0 and regarding a as unknown, then one obtains* 


F,0, a ~ 136°, k = 5.6, k a = 0.58 x 10®, 

C1 2 0, a ~ 132°, k = 5.0, k a = 0.42 x 10®. 

These values, and the assignments, must be regarded as tentative. 


(42) 


10) NOC1 

The infrared spectrum of this molecule has been examined by 
Bailey and Cassie. 1 The dimensions of the molecule are known from 
electron diffraction measurements which give 2 

r(N —Cl) =1.95±.01, r(N-O) =1.14±.02, r (O —Cl) =2.65±.01, 

ZONC1 = 116°±2°. 

The usual assignment of the fundamental frequencies vi=1832, v 2 =633, 
v s =923 was found by Beeson and Yost to lead to too low a value for 
the entropy compared with the observed value (too low by 3.6 cal/mole 
per degree). 5 * * 8 They suggested that the 923 cm -1 band is the combina¬ 
tion of the 633 fundamental and a low frequency fundamental at 290 
cm -1 . With Vj=1832, v 2 =290, v s =633, the discrepancy between the 
calculated and the observed entropies is only 0.3 cal/degree. 


§2. Tetratomic Molecules 
A) Linear Molecules 
1) C 2 H 2 

The structure of this molecule is now known to be a linear and 
symmetrical one from a vast amount of spectroscopic data. Before dis¬ 
cussing the experimental results, let us first examine the type of spectra 
to be expected of such a model. 


5 R. Pohlmann & H. J. Schumacher, Zeits. f. Physik 100, 678, (1936), made 
the assignments: F 2 0, Vi=870, v 2 =1280, va=1740; C1 2 0, Vi= 658, v J =’973, v 8 =1245, 
and obtained the force constants F 2 0, k=13.5, k a =7.6; C1 2 0, k—13.5 and fc a =7.6x 
105. 

1 Bailey and Cassie, Proc. Roy. Soc. A 146, 336, (1934). 

2 Ketelaar, & Palmer, Jour. Am. Chem. Soc. 69, 2629, (1937). 

8 C. M. Beeson & D. M. Yost, Jour. Chem. Phys. 7, 44, (1939). 
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On a consideration of the “symmetry coordinates”, it can readily 
be shown that of the 7 degrees of freedom for vibrations, 3 involve mo¬ 
tions of the atoms along the axis and are called the parallel or valence 
vibrations, and 2 involve motions X to the axis and are called the 
perpendicular or deformation vibrations. As the motion of the atoms 
is isotropic in planes X to the axis of symmetry, each of the X vibra¬ 
tions is doubly degenerate. Of the 3 parallel vibrations, 2 are sym¬ 
metrical and one antisymmetrical with respect to the center of symmetry; 
of the 2 X vibrations, one is symmetrical and one antisymmetrical with 
respect to the center. 1 The forms of the normal vibrations are shown 
in Fig. 25. 


To obtain the normal frequencies o-o-o--o 

of the molecule, the problem can be ■i _ 

o--~o-O*- 

simplified by treating separately the 

parallel and the perpendicular vibra- o-- 1 —~o-o-o~ 

tions, since there is no mechanical ^ _ T 

coupling between them and the elec- __7„_XU JL ITIr_ X _ 77? 

trical coupling is probably very small ^ -- T -_ 

and negligible in the initial approxima- t77_ _ -_ -777_X77? 6 

tion. 2 * * * For the parallel vibrations, let Fig. 25. Normal vibrations of linear 
the changes in the H—C, C —C, C — H symmetrical Y 2 X 2 

bond distances x u x 2 , x 3 be chosen as 

the generalized coordinates. The kinetic energy is then 8 


2T = (x|+±|)+iS ±l+m (t l +i^b,+ 2 ™- xfa, (43) 

where S=2(M+m). The most general quadratic potential energy is 


2V = k x (x? + x%) + K x\ + 2A 8 ( x x + x 8 ) x t + 2 k 4 x x x a . (44) 

The determinantal equation separates into a quadratic and a linear factor 
for the symmetrical and antisymmetrical vibrations respectively, 


1 These statements follow from considerations similar to those given for the 
YX 2 and Y 2 X 4 models in Chap. II, §2. 

2 By mechanical and electrical couplings are meant the cross terms in the 

velocities and coordinates in the kinetic energy and the potential energy respectively. 

s W. F. Colby, Phys. Rev. 47, 388, (1935). Note a misprint in the expression 

for which is corrected here in (49) below. 
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%i + X2 ~(^i H - k^} ~f~ • j| j'i.kz 2kg), 

Xi*Xa = pnjif £ (^1 “t" k*)k-i 2*1], 

Xs =~~ (*! — K), (45) 

r 

where n=mM/ (M+m). The forms of the vibrations can be obtained 
by studying the normal coordinates Q u Q 2 , Q 3 given by 

x { = 2 c f * Q„: (46) 

h 


in which 

c ia - A a [(*Sl a -k,) l^gC g^tg )^ -*,)’] , 

c 2a ~ &s) ( g *— ^1 + > 

= ^ —^s ) 2 — (i^a fcaX-g _ ^a ^4) J > 

where a=l f 2, 3 and the A’s are constants. On account of (46), 

c u = Cjj , c n = c t 2 , c 18 = — Cjg, Cjjg = 0, (47) 

It follows from these that the forms of the vibrations are as shown in 
Fig. 25. 

For the perpendicular vibrations, Colby chose the angles between 
two neighboring bonds as the generalized coordinates. The quadratic 
potential is 

2 V = k a (dj 4- af) + 2 k' a a*. (48) 


The determinants! equation gives 


X« = 


M+m 


mM a* a 


(*« + 


K ), 


X 5 = 


l+4c + 4c*+(M/ra) 
M a 3 


(K 


k'), (49) 


where a and b are the C—H and the C—C bond distance respectively 
and c=a/b. The forms of the vibrations can perhaps more conveniently 
be obtained by employing instead of the angles m and qa the coordinates 
Rj and R 2 defined by 
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2 Ri- (V\ + Vi) — ( 2/2 4 - Vt)> 

2(a + b)R 2 = 6(2/1 — 2/<) + (2a + 6) (y&—y 2 ), 


(50) 


where 2/1, 2/2, 2 /s, 2/4 are the displacements of the H, C, C, H atoms per¬ 
pendicular to the axis, (Fig. 25). The kinetic energy is then 


27’ = p 1 £f+p J £f 


(51) 


where 


Pi = 2mM\(M+m) , p., — 2mM{a+b) t /[Mb i +{2a + bfm'\. 

The potential energy which must be even in both Ri and R z is 

2 V = C 1 R* + C. i Rl (52) 


It is seen that the R’s are proportional to the normal coordinates 


Q 4 — V Pj , Q 6 — V pj R z . 


The equations (49) giving the frequencies become then 






(53) 


(49a) 


The selection rules for the fundamental vibrations follow im¬ 
mediately from the symmetry properties of the vibrations. They are: 



Vi 

v 2 

Vs 

v 4 

V5 


Infrared 

inactive 

inactive || 

X 

inactive 

(54) 

Raman 

P 

P 

inactive 

inactive 

d 



where the 11 and the J_ type bands have rotational structures described 
in Chap. IV, § 2, A. 

To account for the harmonic and combination bands, it is necessary 
to consider the deviation of the potential energy from the quadratic 
potentials (44) and (48). This effect of anharmonicity gives rise to 
harmonic and combination bands for which the selection rules have been 
given in (95), Chap. Ill, and depend only on the symmetry of the 
molecule and the potential but are independent of the numerical values 
of the constants in the potential. To obtain the vibrational energy of 
the molecule, however, the anharmonic potential must be known. Re- 
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cently, Wu and Kiang 4 have carried out a perturbation calculation of 
the energy change produced by the most general cubic and quartic poten¬ 
tials consistent with the symmetry of the molecule. It is shown that 
the energy is expressible in the form 

6 6 2 
E/h = x 0 + 1. Vifj + S xuv'j +•$■ S i3 - x Vi v 3 -I- 2 l* (55) 

11 i*i 1 

in which the coefficients v’s and x’s are constants expressible in terms 
of the zeroth order frequencies and the constants in the anharmonic 
potentials. From the 22 expressions for these coefficients, one obtains 

a>i = v,— x„ — ixu — \x lt — x u — x 16 

®2 “ V^ — Xgj *^24 


®8 — vs — ^88 — ~~ 


(56) 


a >4 — V 4 — 2x t i — -^X)4 — — &45 


«5 = V 8 — 2*55 — — *X., 6 — \X K — 


These relations enable one to obtain the zeroth order frequencies when 
the coefficients v’s and x’s have been determined from an analysis of 
the vibrational spectrum of the molecule. 

On account of (56), there are only 17 independent relations con¬ 
necting the coefficients v’s and x’s and the constants in the anharmonic 
potentials (25 in number in the most general potentials). The theory 
of interactions between vibrations and rotations of the molecule leads 
to an expression of the form (97), Chap. IV, for the rotational lines 
of a band arising from a transition from the normal state to the state 
v lt v 2 , v a , v A , l u Vs, Is. 6 The values of thea’s determined from the rota¬ 
tional structures of 6 appropriate bands will furnish 5 more relations 
for the constants in the cubic anharmonic potential. 

In the following, we give an analysis of the spectrum of the 
% 

acetylene molecule on the basis of the above normal coordinate method, 

* T. W. Yu and A. T. Kiang, Jour. Chem. Phys. 7, 178, (1989). 

5 T. Y. Wu, to appear in Jour. Chem. Phys. 
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which in the case of the C0 2 molecule has been found highly successful 6 . 

The infrared spectrum of C 2 H 2 has been studied by Levin and 
Meyer 7 and the photographic region has been thoroughly investigated 
by Mecke 8 , Herzberg 9 , Funke 10 and their collaborators. The Raman 
spectrum of C 2 H 2 in both the gaseous and the liquid state has been 
examined by a number of workers 11 . Both the photographic and the 
infrared bands show that ( i ) they consist of regularly spaced rotational 
lines characteristic of linear molecules, ( ii ) there are two types of bands, 
namely, those with and without the Q branch, corresponding to the 
parallel and the perpendicular bands discussed in §2, Chap. IV, and the 
selection rules (82) of Chap. Ill, and (in) the rotational lines show the 
alternating intensities discussed in §3, Chap. IV, the value 1:3 corres¬ 
ponding to the spin V6 °f the hydrogen nucleus. The alternating in- 

6 Recently, R. Mecke and Ziegler, Zeits. f. Physik 101, 405, (1936), have 

treated the spectrum of C 2 H 2 on the basis of Mecke’s method, Zeits. f. Physik 99, 
217, (1936), which has been described in Chap. Ill, §3, B. They treated the two 
C— H valence vibrations as two degenerate vibrations, and similarly for the two 
deformation vibrations. They found that their equations, together with two empiri¬ 
cally determined coefficients, satisfactorily account for most of the observed bands. 
It has been pointed out by Childs and Jahn, Zeits. f. Physik 104, 804, (1937), how¬ 
ever, that the agreement between the observed and the calculated frequencies in¬ 
volving the deformation vibrations is entirely accidental, it being obtained through 
the error of a sign, and that the inability of the theory to include the interaction 
term in (48) in the perturbation calculation leads to the result thatv 4 <^v 5 r 

in contradiction with the observed values V4=729 and v 5 = 612 cm -1 . Apart from 
this criticism, it is not easily understandable why Mecke’s method, which neglects 
all the mechanical and electrical couplings in the initial approximation and includes 
only mechanical couplings in the next approximation, can be essentially superior to 
the normal coordinate method which takes into account all the mechanical and part 
of the electrical couplings in the initial approximation and the effect of anharmonicity 
up to the second approximation. For these reasons, we prefer the normal coordinate 
treatment, although Mecke’s result will also be included in Table XXIII below. 

7 A. A. Levin and C. F. Meyer, Jour. Am. Opt. Soc. 16, 137, (1928). 

8 R. Mecke, Leipziger Vortrager, (1931); K. Hedfeld & R. Mecke, Zeits. f. 
Physik 64, 151, (1930); Mecke, ibid., 64, 173, (1930); Hedfeld & P. Lueg, ibid., 77, 
446, (1932); W. Lochte-Holtgreven & E. Eastwood, ibid., 79, 450, (1932); Mecke & 
Ziegler, loc . cit. 

9 G. Herzberg & J. W. T. Spink, Zeits. f. Physik 91, 386, (1934) ; G. Funke 
and Herzberg, Phys. Rev. 47, 100, (1936). 

10 G. Funke, Zeits. f. Physik 99, 341, (1936); 104, 169, (1937); Funke and 
E. Lindholm, ibid., 106, 518, (1937). 

11 S. Bhagavantam & A. V. Rao, Proc. Ind. Acad. Sci. A 3, 135, (1936), C L ,H 2 
gas; Jour. Chem. Phys. 4, 293, (1936), comments on the interpretation of Glockler 
and Morrell; G. Glockler & E. Morrell, ibid., 4, 15, (1936), C 2 H 2 liquid; Glockler & 
M. M. Renfrew, ibid., 6, 340, (1938), C 2 H 2 liquid and summary of previous work. 
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tensities establish beyond doubt that the molecule is symmetrical. Herz¬ 
berg and Funke 9 observed a few bands which do not show the alternat¬ 
ing intensities, and the explanation is that they arise from transitions 
from a state in which one of the perpendicular fundamentals v 4 and 
v B has already been excited. This is seen to be so on considerations 
similar to those leading to (69), Chap. IV, for the C0 2 molecule, and 
is established by their measurements of the intensities of the bands at 
different temperatures of the absorbing gas. 

The Raman spectrum of C 2 H 2 in the gaseous state consists of 
two intense lines at 1973 and 3371 cm -1 and a weak doublet at 589 and 
643 cm -1 . The first two are due to the totally symmetrical vibrations 
vi and v 2 - The doublet is explained as the O, P and R, S branches of 
the band due to v 5 at ca. 616 cm -1 . Another very weak line at 1233 
cm -1 is probably due to 2v 6 . The Raman spectrum of the liquid shows 
the above lines at slightly displaced frequencies and in addition a weak 
line at 1934 cm" 1 . Glockler and Renfrew attribute this line to the mole¬ 
cule H—C =C 13 —H. An approximate calculation of the expected isotope 
shift from equations (45) shows that Av^ — 38 cm -1 , in agreement with 
the observed value. 

The assignment of the absorption bands presents a more difficult 
problem. Sutherland 12 gave the assignments of some 20 bands known 
up to that time. Herzberg and Spink 13 later proposed another classi¬ 
fication which differs from Sutherland’s chiefly in interchanging the 
assignments 3v a =9835 and v 3 +2v 2 =9640 cm -1 . Still later, Mecke and 
Ziegler 6 gave a classification based on the perturbation theory of Mecke. 
In view of the more recent extensive observations of Funke and Lind- 
holm, the original analysis of Herzberg and Spink does not seem satis¬ 
factory, as the calculated frequencies differ from the observed values 
by ca. 30 cm -1 for most of the bands. A redetermination of the 
coefficients in (55) according to their classification can be made, and 
in fact good agreement between the observed and the calculated fre¬ 
quencies can be obtained for all except for five or six bands. 14 In Table 
XXIII, we give the classification of Mecke and Ziegler, the modified 
one of Herzberg and Spink, and the one proposed by Wu and Kiang 
which is based on an extension of that of Sutherland. 


12 G. B. B. M. Sutherland, Phys. Rev. 43, 883, (1933). 

13 Herzberg and Spink, loc. ctf., see also Funke, Zeits. f. Physik 99, 341, (1936). 

14 See a forthcoming paper of T. Y. Wu in Jour. Chem. Phys. (1940). 
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Table XXIII. Vibrational spectrum of C 2 H 2 


Observed 

cm" 1 B' 


Wu-Kiang 

VlV 2 V$ViV& l\li 

calc. 

Modified 

Herzberg-Spink 

ViVzVS 

V4V5I1I2 calc. 

Mecke-Ziegler 

V CH v cc &CH calc. 

8288 

II 



0 

0 

1 

0 

0 

0 

0 

♦ 


♦ 

U 

a 0 0 



3281 

3872 

Raman 


0 

1 

0 

0 

0 

0 

0 

* 


* 

h 

oOO 



3374 

6500 

II 



0 

1 

1 

0 

0 

0 

0 

6513 


6548 

27 

a 0 0 



6554 

9840 

II 

1.1686 


0 

2 

1 

0 

0 

0 

0 

* 

0030000 

* 

83 

a 0 0 



9638 

12675 

II 

1.1510 


0 

3 

1 

0 

0 

0 

0 

12670 

0130000 

* 

44 

a 0 0 



12678 

15600 

II 

1.1435 


0 

4 

1 

0 

0 

0 

0 

♦ 

0050000 

0 

65 

a 0 0 



15000 
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II 

1.1368 


0 

5 

1 

0 

0 

0 

0 

18133 

0150000 

18414 


a 0 0 



18124 
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Raman 
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0 

0 

0 

0 

0 

0 

tr 


0 

0 

1 0 



1973 

5250 

II 
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0 
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0 

0 

* 


5257 

II 

a 1 0 
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9835 

II 

1.1679# 


0 

0 

3 

0 

0 

0 

0 

« 

0210000 

* 

»1 

a 0 0 
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II 
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1 

0 

3 

0 

0 

0 

0 
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81 
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*5 
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1 

0 

0 

0 

0 
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83 
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0 
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In Table XXIII, the second column gives the observed values of 
B for the upper vibrational states as given by Funke and Lindholm, 
except for the few marked by # which are taken from the work of Mecke 
and Ziegler* 1 . In the last column, the calculated frequencies are taken 
from the papers of Mecke and Ziegler and of Funke and Lindholm. 
Under the classifications of Wu-Kiang and of modified Herzberg-Spink, 
the frequencies marked by • are the ones employed for the calculation 
of the anharmonicity coefficients. They are given below. 



Wu-Kiang 

Modified Herzberg 
& Spink 


1 

| Wu-Kiang 

I 

Modified Herzberg 
& Spink 

Vl 

1984 

1987 

*12 

- 3 

- 5 

v 2 

342 1 l 

3358 

*18 

- 9 

- 5 

Vs 

3293 

3318 

*14 

10 

4 

v 4 

729-^44 

729.5 

*15 

- 25 

- 17 

V5 

602 

603 

*28 

-147 

-112 

*11 

-11 ,1 

-13 

*2 4 

- 9 

- 9.3 

*22 

—49 

13.6 

*?5 

i -*11 

- 10 

*33 

- 5 ; 

-28 

*84 

! 0 

- 5 

*44 

? 

- 0.5 

*85 

- 18 

- 16 

*65 

10 

9 

*45 

- 13 

- 13 

1 

1 


*388 

i 

- 2.3 

| 

i| 


*565 

i 

- 0.55 


Table XXIV. Anharmonicity coefficients of C 2 H 2 


From Table XXIII, it is seen that so far as agreement between 
the calculated and the observed frequencies is concerned, the classifica¬ 
tions of Mecke-Ziegler and of Wu-Kiang are about equally good, while 
that of the modified Herzberg-Spink system is somewhat better. One 
must notice, however, that with this the agreement is poorest in the case 
of the 6500 and 8450 cm” 1 bands when it is expected to be good for such 
simple combination bands. Also it does not seem easy to account for 
the observed 9906 and 9366 cm^ 1 bands. We should perhaps regard 
none of these classifications as final, and an analysis of the spectrum 
of C 2 D 2 would be most useful for settling this problem. 

With the values (Wu-Kiang) of the coefficients in Table XXIV 
the zedoth order frequencies can be calculated from (56), 

o 1 = 20l6, o> 2 = 3565, g> 3 = 3393, 0)4 + 3^44 = 741.5 co 6 =622 (57) 

On neglecting fc 4 , the constants in the potential (44) can be determined. 14 

14 Compare these values with the following obtained with the observed fre¬ 
quencies by Colby, Phys. Rev. 47, 388, (1935), 

1^^~5.85, k c<7 =15.59, =0.028. (00) 

With the modified Herzberg-Spink system, one finds, corresponding to (57) and (58), 
to A =2017, <x> 2 =3422, <d 3 =3425, to 4 =748.6, to 6 =620, (61) 

and k CH =6.40, fc cc =15.7, kg=—0.83. (62) 
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k C H = 6.24, k cc = 17.2, —— 0.67 (58) 

The deformation force constants in the potential (48) can be calculated 
with the observed frequencies v 4 and v 5 , since « 4 is not known but is 
expected to be not very different from the observed value. Thus 
Colby obtained 

ka = 2.44 , k'a = 0.92 X 10“ 12 . (59) 

The constants in the anharmonic potentials have been estimated 
by Wu B . In view of the uncertainties in the classifications of the bands, 
we shall not give these constants here but refer to the paper. 

la, lb) C 2 HD, C 2 D 2 

The Raman spectra of these molecules have been studied by Glock- 
ler, Davis and Morrell 1 . The infrared spectra have been studied by 
Randall and Barker in the region of the fundamentals with a prism 
instrument 2 , and the photographic bands of C 2 HD have been analyzed 
by Herzberg, Patat and Verleger 3 . The classification of the fundamental 
frequencies is guided by the calculations of Colby who obtained the fre¬ 
quencies of these molecules with the potentials (48) and (44) and the 
constants determined from C 2 H 2 . The following table summarizes the 
observed data and their interpretations. 


Assignment 

CiHD 1 

Obs. Calc. 1 

c 2 

Obs. 

d 2 

Calc. 

Vl 

1851 Ra. 

1840 

1762 Ra. 

1750 

v 2 

3335 Ra. 

3335 | 

2700 Ra. 

2690 

v 3 

2585 Inf. 

2560 


2414 

v 4 

679 Inf. 

669 

539 Inf. 

535 

V5 

519 Inf. 

523 


505 

V4+V5 

1202 Inf. 

1192 

1043 Inf. 

1040 


Table XXV. Vibrational spectra of C 2 HD and C 2 D_. 

1 G. Glockler and H. M. Davis, Phys. Rev. 46, 535, (1934); Glockler and C. E. 
Morrell, ibid., 47, 569, (1935); Jour. Chem. Phys. 4, 15, (1936). 

2 H. M. Randall and E. F. Barker, Phys. Rev. 45, 124, (1934). 

8 G. Herzberg, F. Patat & H. Verleger, Zeits. f. Physik 102, 1, (J1936) r 
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Obs. v 

Assignment 

Obs. v 

Assignment 

Calc, v 

8409.4 || 

vi+2v 2 

9706.36 H 

3v 2 

* 

9050.6 _L 

Vl+2v 2 +V4 

10211 J_ 

3v 2 -fV6 

10219 

9115.5 11 

2v 2 +v s +V6 -V6 

11526 II 

vi+3v 2 

11689 

9188.88 11 

2v 2 +v 8 

12268.08 11 

3v 2 4* v 3 

12266.6 

9404.75 (1 

Vl-f-8V3 

12785.0 || 

4V 2 -fV5~V6 

12723 

9691.9 || 

3y 2 +vs-V5 

12746.77 II 

4v 2 

12742.4 


Table XXVa. Vibrational spectrum of C 2 HD 


From the first 7 bands in Table XXVa and the 1202 cm -1 band 
in Table XXV, the following partial determination of the anharmonicity 
coefficients can be made 

^22 — 49.8 ” 6 “ —8.2 = —4.9 

#86 = — 13.8 Xtf —4 33-83 ~f~ #js —— 67.1 (63) 

2x u + # M = —37.8 

The dimensions of the C 2 H 2 and C 2 HD molecules have been deter¬ 
mined from the rotational structures of the observed bands by Herzberg, 
Patat and Verleger 4 , who gave the following values for B a —h/'^J 0 
in equations (81) and (82) of Chap. IV, and (ai+a 2 +a s )+a 4 +a 6 , 

I Q (C 2 H 2 ) = 23.492 , 7 e (CjHD) = 27.888 X KT 10 , 

/. (C 4 H 2 ) = 23.355 , I, (C 2 HD) = 27.740, (64) 

r 0 (C—H) = 1.057 A, r Q (C-C) = 1.199 A. 

Comparison of the C—H bond distance in C 2 H 2 with that in HCN, 

(18), shows that the higher value 6.24 xlO 5 for the bond constant (58) 
is more in line with the Badger® relation between bond constant and 
bond distance than the value 5.85x10® obtained with the observed fre¬ 
quencies uncorrected for anharmonicities. 

2) C 2 N 2 

This molecule is known to be linear and symmetrical from electron 

4 The values of the a's are obtained by Herzberg, Patat and Verleger empiri¬ 
cally according to their classification of the observed bands. According to the 
classification of Wn and Kiang, slightly different values for the a's are obtained, 
"but the change in the value of the B would be negligible. The value 6.54 X10 -27 has 
been employed for the Planck constant h in obtaining the values of the /' s. 

* R. M. Badger, Jour. Chem. Phys. 3, 710, (1935). 
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o 

diffraction measurements 1 which give r(C —C)=1.37 A and r(C —N) = 
1.155 A. The assignment of the fundamental frequencies has been dis¬ 
cussed by a number of authors 2 * and most recently by Stevenson 8 . The 
following table summarizes the various assignments and the potential 
constants calculated according to (45) and (49). 



Woo-Badger 

Kistiakowsky- 

Gershinowitz 

Eucken- 

Bertram 

Woo-Liu-Chu 

Vi 

860 Ra. 

860 

860 

750 Ra. 

V2 

2:i:i(i Ra. 

2336 

2336 

2336 

V8 

2160 Inf. 

2150 

2150 

2160 

V 4 

230 Inf. 

612 Ra. 

7407 

230 

V5 

610 Ra. 

766 Ra. 

610 

510 


6.7 



5.1 

^ON 

17.6 



17.5 

^8 

0.68 


1 

0.10 

k a 

2.9X10-12 


15.5X10-13 

2.9X10-12 

k* 

—0.24 


12.3 

-0.24 

a 

1 

i 




Table XXVI. Fundamental frequencies & potential constants of C 2 N 2 


Concerning the symmetrical vibration vi, the argument of Woo, 
Liu and Chu for assuming the Raman frequency 756 is that the C—C 
bond constant so obtained is in better accord with the values for the 
same bond in other molecules. Stevenson pointed out recently that this 
value 5.1 for the C — C constant leads to a carbon-carbon distance 1.41 
A according to Badger's relation, while the value 6.7 obtained with 
vi=860 leads to r(C—C) =1.35 A, in better agreement with the observed 
value. Both the observed C — C distance and the bond constant 6.7 xlO 6 * 
suggest some double bond contributions arising from quantum mechanical 
resonance. It seems that the original assignment of Woo and Badger 
is more satisfactory on these considerations * , 4 

1 L. Pauling, H. D. Springall & K. J. Palmer, Jour. Am. Chem. Soc. 61, 927, 
(1939). 

2 S. C. Woo and R. M. Badger, Phys. Rev. 39, 932, (1932) ; G. B. Kistiakowsky 
and H. Gershinowitz, Jour. Chem. Phys. 1, 443, (1933); Woo, T. K. Liu & T. C. 
Chu, Jour. Chin. Chem. Soc. 3, 301, (1936); Woo, Zeits. f. Phy. Chem. B, 37, 399, 
(1937); A. Eucken and A. Bertram, ibid., B 31, 361, (1936). 

8 D. P. Stevenson, Jour. Chem. Phys. 7, 171, (1939). 

4 In fact, with the assignment V!:=756 (whose existence in the Raman spectrum 

is not entirely without question, see Kohlrausch, Der Smekal-Raman Effekt , P. 321), 

it is not easy to explain the 860 cm— 1 Raman line and the 622 cm— 1 infrared band 

(which can otherwise be explained as the difference bandVj—860-230 cm— 1 ). 
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For the deformation vibrations, the assignment of Kistiakowsky 
and Gershinowitz can be dismissed on consideration of the selection rules. 
Eucken and Bertram from specific heat measurements suggested that 
v 4 might be 740 cm -1 and that the 230 cm" 1 band 5 is a difference band 
V 4 —v 5 . This leads, however, to values for the deformation constants 
which are too large compared with similar constants in other molecules. 
It seems that further work on the infrared and the Raman spectra and 
the specific heats at low temperatures is desirable in order to definitely 
fix the fundamental frequencies of the molecule and hence the potential 
function. 

B) Pyramidal YX 3 Molecules 

Consider a symmetrical 
pyramidal molecule with 
3 identical atoms each of 
mass m at the corners of 
the base and an atom of 
mass M at the vertex. Of 
the six degrees of freedom 
for vibrational motion, 
there are two parallel 
vibrations which are sym¬ 
metrical with respect to 
the axis of symmetry, and 
two perpendicular vibra¬ 
tions which are doubly de¬ 
generate since the motion 
of the Y atom is isotropic 
in directions perpendicular to the symmetry axis. The forms of these 
vibrations are shown in Fig. 26. 

The problem of finding the normal frequencies of a pyramidal YX 3 
molecule has been worked out for a central force potential by Den¬ 
nison 1 , for a valence force potential by Lechner 2 , and for the most general 
potential consistent with the trigonal axial symmetry by Rosenthal 3 . 

5 J. Strong and S. C. Woo, Phys. Rev. 42, 267, (1932). 

1 D. M. Dennison, Phil. Mag. 1, 195, (1926). 

2 F. Lechner, Wien. Ber. 141, 291, 663, (1932); see also J. B. Howard and 
E. B. Wilson, Jour. Chem. Phys. 2, 630, (1934). 

3 Jenny E. Rosenthal, Phys. Rev. 47, 235, (1935). 




Fig. 26. Normal vibrations of pyramidal YX 8 
molecules 
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Following Rosenthal, let the normal Y—X distances be denoted by r, their 
changes by bri, br 2 , br 3 , the normal X —X distances by q and their changes 
by 5<7i2> bqnt* bq:n- On introducing the symmetry coordinates x, y, z, t, 
u, w defined by 

x +1 u = (q/r) (&r 2 —8r s ), u = bq i2 —bq 13 , 


— —yr=(x/q) [-J-( 8 r 2 + 8 r 3 ) brj, t— -?=[-k( 8 q ' 12 + 8 <ji 3 ) — bq ^], (65) 

3»z + --i—w = (r/g)(8ri+8r 2 + 8r,), w = - y r (bq v ,+bq 2 ^+bq 3l ), 

v 3 s/ 3 

where 


g = h/q = ~^z.cot p , 

V 3 


( 66 ) 


h being the normal height of the pyramid and p the angle between the 
Y—X bond and the symmetry axis, the kinetic energy becomes 

2T = -jf (t 2 + y 2 ) + 3p s 2 + \m ( u 2 +l 2 +W 2 ), (67) 

where 

p = mM/(M+3m), 5 = 1+ 6Mg i /(M+3m). (68) 

The most general quadratic potential function is 

2V — A(x t +y 9 ) + Bz t +Cw i +D(t t +u' 2 ) + 2E(xu + yt) + 2Fzw. (69) 

The determinantal equation gives for the two || vibrations 


3fi m 

Xi • X, = J-iBC-F 2 ), 


and for the two JL vibrations 


(70a) 


= ——A H—— 3 D , 
3 ^ m 

X, • X 4 = — (AD-E*) 

rap 


(70b) 


It is seen that in general, the four distinct frequencies are not sufficient 
for the evaluation of the six constants in (69). 

If instead of the general potential (69) one expresses it as the 
sum of valence and central force potentials 
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2V-- 


-s(r) 

i=^j \ 9 a 1 



8 r< + 


r(^ )<-<’’ + 



+ ifra S(r8a 0 ) s + ^ r 5S)*, 


(71) 


whore 5ao‘ is the change of the angle a between the Y —X t * and Y — Xj 
bonds and 2S is tne trihedral angle at the top of the pyramid, then for 
equilibrium, one has 


( dv \ t 

' 9F\ 

\ 9 (l h V 

, 9 ) Jo 


On writing 



the following relations result: 


A = 8 (/ + 3/ 4 ), B = 3[3flr*/ + /, + 3G0 2 / 4 ], 

C = k f + + )i + 36 


D*= \ f + \U + \ (1 + G0 2 ) 2 / 4 , E = i/ - i (1 + 60 2 ) / 4 , (73) 

F = V 3 g (/—/» — 36</ 2 / 4 ), 

where 

/ = fc/(l + 30 2 ), fi= k lt / a = / (1 + 12fir 2 ), 


U = /<•« / (1 + 30 2 ) (1 + 120 2 ). 

In this case, the number of independent constants is 4, there being two 
relations among the six constants A, from (73), 

A (1 + 6(7*) + 3F — B — *jYF/(j = 0, 

3 (2D-C) + 2F (1 + 6.9 s ) - F(1 + 3 g*)/s/Tg — \B = 0. (74) 


These two relations form a criterion as to how well the molecule can be 
described by the less general potential (71). 

If in (71) one "makes the further simplification that fca*=fca= 0, 
then equations (70) reduce to the expressions obtained by Dennison for 
the central force potential, namely, 

h + X, = —(1 +-^-cos 2 p) + -A- 
1 m M m 

o (76a) 
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+ Xi 

u 


-£<*+-$*“» + sr* 


( 75 b) 


If in (71) one puts fci=fr o =0, equations (70) reduce to those ob¬ 
tained by Lechner for the simple valence force potential. 


1 _ k n -1 3m cn^m ... 12*a C0S 2 p 

+ M c °sp) + - — 1+3cosSp 


U+- 8 5 sin 2 fl) 


li • 1* — 


12 k h a _cos 2 P 

m\i l+ 3 cos 2 j 3 


( 76 a) 


3 kr\ 


3 m 


h + h — J C ~ (2 + ^sin*p) + +cos 2 |3 + sin 4 |3) 

2m M 1 ' md+Scos 2 ^ 1 2 M 1 


mff+Tcbi-p) (I + +TS sin ’ (, >' 


( 76 b) 


As there are only two independent constants in either the central 
force or the valence force potential, equations (75) and (76) will in 
general not be compatible with the four observed frequencies, unless 
the molecule in question happens to be capable of accurate description 
by a central or valence force potential. Hence in the next approxima¬ 
tion, one tries to include some cross terms in the potential. But as there 
is no unique way of doing this, there are always some arbitrariness and 
ambiguity inherent in potentials other than that demanded by the 
symmetry of the molecule. For practical purposes, however, some less 
general potentials suggested by empirical knowledge are usually suffi¬ 
ciently accurate. An example of this is the following modified valence 
potential 

2F = fc 2 (8r 4 ) 2 + k a 2 (rfccq) 2 + 2 k' (8r,8r 2 + 8r 2 8r s + br^br^ + 

2 k£ r 2 (8a! 8a z + + 803 8a t ). ( 77 ) 


For this potential, the frequencies can be obtained from (76) by replac¬ 
ing k and ka in (76a) by k+2k' and k' a +2k and in (76b) by k— k f 
and ka—k’a respectively. 


1) NH 3 


The infrared and the photographic regions of the spectrum of 
NH S have been the subject of many extensive and detailed investiga- 
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tions 1 ” 8 . The Raman spectrum of the gas has also been studied by a 
number of workers. 4 * We shall discuss the results for this molecule in 
some details because it shows the kind of quantum mechanical effect of 
penetration through a potential barrier discussed in §4, A, 1) of Chap. 
III. 

That the molecule has a pyramidal structure is now established 
on electric moment (1.44xl0” 18 e.s.u.) and spectroscopic data. The high 
resolution work of Stinchcomb and Barker shows that there are two 
types of vibration-rotational bands: the two intense bands at 950 and 
3337 cm*” 1 are of the parallel type and the other intense band at 1630 
cm™ 1 3 is of the perpendicular type, discussed in §2, Chap. IV. These 
have been assigned as the fundamentals vi, v t , v 4 of Fig. 26. There has 
been considerable uncertainty as to the location of the fourth funda¬ 
mental. Recently, from a study of two JL type bands at 2457 and 4420 
cm -1 , Barker 6 * came to the conclusion that they are to be explained as 
the combination bands v 2 —v s and v 2 -fv 3 respectively. This places the 
fundamental v 2 at 3415 cm” 1 . That this has not been found earlier is 
due to its being overlapped by the strong parallel fundamental vi—3337, 
as already observed by Hardy. 6 It is now quite certain that the four 
fundamentals are as given in Table XXVII. 

The Raman spectrum of the NH 3 gas shows 3 strong lines at 
3335, 933 and 967 cm -1 . The non-appearance of the two _L vibrations 
is probably due to their low intensities expected of degenerate vibra¬ 
tions in general. The weak line at 1922 cmr 1 observed by Amaldi and 
Plazcek and that at 3219 cm” 1 observed by Lewis and Houston can be 
explained as 2v 3 and 2v 4 respectively. The assignment of the latter 
frequency is supported by the observation of a band at 3219 cm -1 in the 

1 Near infrared: G. A. Stinchcomb & E. F. Barker, Phys. Rev. 33, 305, (1929); 
Barker, ibid., 33, 684, (1929); D. M. Dennison & J. D. Hardy, ibid., 39, 938, (1932); 
H. J. Unger, ibid., 43, 123, (1933). 

2 Photographic region: R. M. Badger & R. Mecke, Zeits. f. phys. Chem. B 5, 
333, (1929); Badger, Phys. Rev. 35, 1038, (1930); P. Lueg and K. Hedfeld, Zeits. 
f. Physik 75, 599, (1932); S. H. Chao, Phys. Rev. 50, 27, (1936). 

3 Far infrared: R. M. Badger & C. H. Cartwright, Phys. Rev. 33, 692, (1929); 
N. Wright & H. M. Randall, ibid., 44, 391, (1933); R. B. Barnes, ibid., 47, 668, 
(1935). 

4 For earlier work, see Kohlrausch, Der SmekaURaman Effekt. E. Amaldi and 

G. Placzek, Zeits. f. Physik 81, 259, (1933) ; C. M. Lewis and W. V. Houston, Phys. 

Rev. 44, 903, (1933). 

« E. F. Barker, Phys. Rev. 55, 657, (1939); 52, 250, (1937). 

« J. D. Hardy, Phys. Rev. 40, 1039, (1932); also Dennison and Hardy, ibid., 
39, 938, (1932). 
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infrared by Barker. 5 The very weak lines at 2270 and 2210 cm” 1 found 
by Amaldi and Placzek cannot be readily accounted for; but as they 
have not been found by Lewis and Houston, it is not entirely beyond 
doubt that they are genuine NH 3 lines. 

The results of the various authors on the infrared and the Raman 
and photographic bands are summarized in Table XXVII. 



Observed freq. 



Av_L 


Assignment 

Raman 

Infrared 


Av 11 

obs. 

calc. 

Vl 

33:54 

3337 

11 

1 9.88 



v 3 

< o:m.o 

9.58 

1! 

19.88 



\ 904.2 

907 

11 

19.88 



V 2 


(••!•! I. r >) 

JL 


(10) 

7.10 

Vl 


102 s 

_L 


0-1 

0.70 

£v 3 

1022 

1010 

II 




V2-V3 

f 

2410.8 



10 


1 

2473.3 

_L 


10 


8v 3 


2800 

II 




£v 4 

.‘5219 

3219 

11 




^v 4 +v 3 

i 

4177 

4217 

il 

II 




V1+V3 

! 

4270 

4303 

11 

11 




V*2 +V 3 

{ 

44554 

4000 

.JL 

_L 


10 

10 


V2+V4 


0007) 

J. 


9.9S 

9.94 

V2+V4+V3 


0020 



10.2 


2v x 

j 


0099 

II 

19.7 



\ 

0027 

II 

19.8 



2v 2 -fv 3 


7070 





2V1+V4 ? 

{ 

8170 

S202 

11 

II 

21.8 

20.8 



i:V 2 -f.V4 


8100 



11.3 


::ivj 


9700.4 

il 




Vi+2v 2 

{ 

J 0099.7 
10104 

II 

? 






11210 





4Vi, 2vi-f2 v 2 , etc. 

{ 

J 2009.7 
12019.7 

II 

II 






10040 

? 






18200 

? 





Table XXVII. Vibrational spectrum of NH 3 


A striking feature in the spectrum of NH 3 is that the 950 cm” 1 
band really consists of two || type bands with their Q branches at 933 
and 967 cm” 1 . With a spectrometer of still higher resolving power, 
Dennison and Hardy showed that the 3337 cm” 1 band also consists of 
two || type bands separated by about 1.6 cm” 1 . These doublings of the 
fundamentals are explained as the result of the splitting of the energy 
levels as discussed in §4, A, 1), Chap. III. That the two fundan^ntals 
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show different separations of ca. 1.6 and 34 cm -1 can be understood in 
a qualitative manner as follows: In the vibration v lt the distances be¬ 
tween the H atoms decrease as the N atom approaches the plane 
of the H atoms, while in v 8 , the H atoms spread further apart as the 
N atom approaches their plane, as shown in Fig. 26. Consequently, the 
rise of the potential when the N atom approaches the plane of the H 
atoms is higher in the vibration vi than in v 8 . As shown in Chap. Ill, 
§4, A, 1), the splitting of the energy level is accordingly greater in v 8 
than in vi. 

This explanation of the doubling of the || bands, first given by 
Hund in a qualitative manner, 7 is supported by the following evidences: 

(i) It is possible to calculate the intensities of the rotational 
lines in the vi and v 8 bands in the manner indicated in Chap. IV, §2, 
taking into consideration the symmetry properties of the energy levels 
shown in Fig. 13, and the modification in the statistical weights of the 
rotational levels due to the inclusion of the nuclear spins of the three 
H atoms. Dennison and Hardy 1 found that the calculated intensities of 
both component bands in vi and v 8 are in complete agreement with their 
own observations and those of Stinchcomb and Barker. 1 

(ii) For the same reason as given in Chap. Ill, §4, A, 1), the 
permanent electric moment of the molecule has a non-vanishing matrix 
element 'only between the symmetrical and the antisymmetrical levels 
0» and 0» of the normal vibrational state. Hence the rotational lines 
in the pure rotational spectrum arise from transitions between the rota¬ 
tional levels associated with the level O# and those with 0„ • As a result, 
each rotational line should be double, with a separation equal to 2Ao. 
As the splitting A 0 is small compared with kT, the relative intensities 
of the two components of each line will not depend greatly on the 
Boltzmann factor but largely on the statistical weights of the levels in¬ 
volved. By means of a grating spectrometer of large aperture and high 
resolving power, Wright and Randall 8 succeeded .in resolving the doublets 
of the rotational lines J—5, 6, 7 in the pure rotational spectrum. The 
doublet separation observed is 1.33 cm -1 . This gives the splitting for 
the normal state 

A„ = 0.67 cm” 1 , (78) 

The observed intensities are found to be also in good agreement with the 
theoretical values. 


7 F. Hund, Zeits. f. Physik 43, 806, (1927). 
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(iii) Direct transition from the symmetrical level 0» to the anti- 
symmetrical level O a has been observed by Cleeton and William 8 who 
studied the absorption by NH ;i gas of ultrashort electromagnetic waves 
(1 to 4 cm wave length) generated by specially constructed magnetrons. 
The absorption maximum was located by means of a large echelette 
grating at 1 — 1.25 cm. When correction for the asymmetry of the 
absorption line is made, the agreement with the expected position 
1 = 1/0.67 — 1.5 cm is good. 

(iv) On assuming the potential V(a) in Fig. 12 to be two pa¬ 
rabolas joined by a horizontal line, Dennison and Uhlenbeck have calculat¬ 
ed the height of the pyramid h and the height of the potential barrier 
from the observed splittings of the normal state and the state r 3 = l. 9 
The result is 

h = 0.388 A (79) 

On combining this with the moment of inertia 1 about an axis perpendi¬ 
cular to the symmetry axis obtained by Wright and Randall from the 
pure rotational spectrum, namely, from the expression 

v = 19.880 J — 0.00176 J 8 , 

I a = 2.782 x l(T 4, g. cm 2 , (80) 

one obtains the following dimensions 

r (N-H) = 1.01 A, r (H — H) = 1.61 A (81) 

The agreement between these values and those obtained from the values 
of 1a for NH 3 and ND 3 (see ND 3 ) lends further support to the theory 
of the doubling. 

We shall now consider the harmonic and combination bands in 
the infrared and the photographic region (Table XXVII). Symmetry 
considerations similar to those given in §3, Chap. IV, require that one 
must distinquish 4 classes of wave functions, namely, the a and (3 classes 
which are symmetrical and antisymmetrical respectively with respect to 

8 C. E. Cleeton and N. H. William, Phys. Rev. 45, 234, (1934). 

9 The value h given here is that obtained by Wright and Randall with the 
formula of Dennison and Uhlenbeck, Phys. Rev. 41, 313, (1932), and the value 
A o =0.67 cnr* 1 ,which is considered more accurate than the value A o =0.80 obtained 
by Dennison and Hardy from the 3337 cm-* 1 band. M. F. Manning, Jour. Chem. 
Phys. 3, 136, (1935), employed a more smooth potential curve than the flat-top one 
of Dennison-Uhlenbeck, for which the Schrodinger equation can be solved exactly. 
The calculated positions of the v 3 bands of NH 3 and ND 3 are found to be in good 
agreement with the observed positions. 
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the interchange of two H nuclei, and the y and 8 classes which are 
symmetrical and antisymmetrical respectively with respect to the inter¬ 
change of a certain pair of the H nuclei, say 1 and 2, but are neither 
symmetrical nor antisymmetrical with respect to the other pairs, 1 and 
3, or 2 and 3. 10 Corresponding to the double degeneracy, states with the 
y and 8 wave functions always have the same energy. The wave functions 
of states with v x and v s arbitrary and v 2 =v 4 —0 belong to the a and p 
classes, while those of states with i' 2 =h0, v t =f= 0 can be shown to consist 
of a number of wave functions of the a p, (y, 8) classes. Each of these 
corresponds to a different energy when the effects of resonance doubling 
and of anharmonicity of the vibrations are taken into account. The 
structure of the band ( i.e ., whether the change of the electric moment 
is || or JL to the symmetry axis) is closely connected with the symmetry 
properties of the wave functions of the two states involved in the transi¬ 
tion in question. It can be shown that the fundamentals vi and v# and 
their harmonics or combinations are of the 11 type; and the fundamentals 
v 2 and v* consist of one JL type band each; their first harmonic 2v 2 or 
2 v 4 consists of one || and one J_ type band; the combination v 2 +v* of 
one _L and two || type bands; the second harmonic Sv 2 or 3v* also of 
one X and two || type bands. The separations between the component 
bands depend on the anharmonicity of the vibrations. When the separa¬ 
tions are small, a high harmonic or combination band involving the X 
vibrations would consist of a number of bands overlapping one another. 
This renders the analysis of the rotational structure exceedingly difficult. 

In NH 3 , the situation is further complicated by the close pro¬ 
ximity of the frequencies of v a and v 2 . Thus for example, the region at 
10000 cm -1 may contain all the bands due to 3v 1( 2\ 1 +v 2 , vj+ 2 v 2 , and 
3 v 2 , a total of 4 parallel and 3 perpendicular type bands. For this 
reason, the analysis of the photographic bands at 10,230 A, 8800 A, 7920 A, 
6470 A and 5490 A by Lueg and Hedfeld, and by Badger and Mecke 2 
can only be regarded as partial. The more recent and detailed analysis 
of Chao 2 of these regions shows that the rotational structures are ex¬ 
ceedingly complicated. By an application of the method of second dif¬ 
ferences familiar in the analysis of the spectra of diatomic molecules, 
Chao succeeded in identifying a few bands of the parallel type, whose 
centers are given in Table XXVII. The high complexity, however, of 
the spectrum defies his effort to analyze the observed lines into the the- 

io For details of these symmetry considerations, see D. M. Dennison, Rev. Mod. 
Phys. 3, 280, (1931). 

M. Johnston and D. M. Dennison, Phys. Rev. 48, 868, (1935). 
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oretically expected number of component bands. Until a complete 
analysis is available, any assignment such as given in Table XXVII must 
be regarded as tentative. 

Finally, we must mention another interesting feature in the ob¬ 
served spectrum of NH ;t , namely, the anomaly in the separation of the 
Q branches in the X type bands that have been resolved (Table XXVII). 
The explanation is the interaction between vibration and rotation of 
the type briefly discussed in §4, Chap. IV. Johnston and Dennison 11 
have calculated the internal angular momenta T-(h/2n) of these vibra¬ 
tions and from them the theoretical separations Av. It is seen that the 
agreement between the calculated and the observed values of Av is not 
satisfactory except in the 5055 cm -1 band. 

la) ND 3 , lb) NH 2 D, lc) NHDo 

The infrared absorption spectrum of ND 3 has been studied by 
Migeotte and Barker 1 under high dispersion, and the Raman spectrum 
by Wall and Glockler. 2 Two parallel type bands are found at 2420 and 
750 cm -1 , the latter being double with their centers at 745.5 and 749.2 
cm' 1 and corresponding to the 950 cm -1 band of NH 3 . The experimental 
data on ND 3 and the other molecules NIXD and NHD 2 , for which only 
the Q branches of the low frequency parallel fundamental v 3 are known, 
are summarized in Table XXVIII and Table XXIX. 



| 


Av cm -1 


Vibration 

Obs. v & 

type 

Obs. 

calc. 


2420 

1! 

10.22 


vi 

2420 

Ra. 




740.8 

11 

10.22 


V3 

! 749.2 

II 



V2 

2500 

_L 

1.7 

2.7 

V 4 

I J191.8 


8.2 

4.8 


Table XXVIII. Fundamental frequencies of ND 3 


1 M. Migeotte and E. F. Barker, Phys. Rev. 50, 418, (1936). This work super¬ 
cedes the earlier work of S. Silverman and J. A. Anderson, ibid., 44, 1032, (1933), 
who gave y s =770 cm -1 . 

2 F. T. Wall and G. Glockler, Jour. Phys. Chem. 41, 143, (193V). 
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NHs 

933 

967 

34 

NH 2 D 

874 

894 

20 

NHD* 

808 

818 

10 

ND* 

745 

748.5 



Table XXIX. Doublings in vs bands 
The frequencies given are for the Q branches. 


It is seen from Table XXIX that the doublet separations in the 
v 8 fundamentals of the deutero-ammonias decrease as the number of 
deuterium atoms increases. This can 
be understood qualitatively when one 
remembers that in the vibration v», the 
hydrogen atoms spread out as the N 
atom approaches the plane of the H 
atoms and that with the D atoms re¬ 
placing the H atoms, the spreading is 
Jess and consequently the rise of the 
potential in Fig. 12 is higher than in 

iTh 8 . 

Migeotte and Barker observed in 
the 745 cm -1 region of ND 3 a number 
of weak lines which they ascribed to 
the Q branches of the absorption bands 
by molecules in the excited states of the 
vibration v». The observed Q branches 
and their assignments are shown in 
Fig. 27. It is to be noted that the 
vibrational levels defined by this scheme 
are in good agreement with the values calculated by Manning® by employ¬ 
ing a potential V(x) in Fig. 12 that contains three adjustable parameters. 
The calculated positions are also given in Fig. 27. 

The moment of inertia of ND S about an axis JL to the symmetry 
axis can be calculated from the line spacing Av =10.22 cm" 1 in the || type 
fundamentals. Barnes 4 from the measurements on the pure rotational 
lines J —8 to J =20 found that these lines can be represented by 

8 M. F. Manning, Jour. Chem. Phys. 3, 136, (1935). 

4 R. B. Barnes, Phyi. Rev. 47, 658, (1935). 
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Fig. 27. Vibrational levels of vs in 
ND, 
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v = 10.26 J - 0.00046 J*. 


These lead to the value 


I a = 6.397 X lO-^tf.cm* (82) 

The dimensions of the NH 8 and ND 3 molecules, on the assumption that 
they are the same, can be calculated from (80) and (82), 

h = 0.36 A, r (N—H) = 1.016 A. (83) 

These are in reasonably good agreement with those in (79) and (81). 

In Table XXVIII, the observed separations of the Q branches in 
the X fundamentals are given together with the values • calculated by 
Johnston and Dennison. 8 


With the eight observed fundamental frequencies of NH 3 and 
ND 3 , it is possible to determine the six constants in the most general 
potential (69). The values that are consistent with the 8 frequencies 
are as follows: 


A = 10.8, B = 6.67, 

D = 1.17, £=±2.19, 


C = 1.47, 

F ==t 2.59 x 10®. 


(84) 


These values are only approximate since in their calculation the observed 
rather than the zeroth-order frequencies have been used. To see how 
well the NH 3 molecule can be described by the less general potential 
(71), the values in (84) can be substituted into (74). It is found that 
these relations are not very well satisfied. For this reason, one would 
hardly expect the simple valence force potential containing only two 
constants to be sufficiently good. 6 


6 M. Johnston & D. M. Dennison, Phys. Kev. 48, 868, (1935), obtained the 
following values for the constants: >1=9.42, Z>=1.37, #=±:2.30. 

6 This is seen from the rather poor agreement between the observed and the 
calculated frequencies by means of (76a) and (76b) with k=6.36, k^=0.69: 

NH S obs. V i= 3337, v 8 =950, v a =3415, v *=1628, 

calc. * 1110, 3450, * 

See J. B. Howard, Jour. Chem. Phys. 3, 207, (1935). 
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2) PH 3 , 3) AsH 3 

The near infrared spectra of these molecules have been examined 
under low dispersion by Robertson and Fox. 1 The strong bands of PH 3 
at 990, 1121 and 2327 cm -1 have been studied under high resolution by 
Fung and Barker." The Raman spectrum of liquid PH 3 gives three lines 
at these positions. 4 The pure rotational spectrum of PH 3 was studied 
by Wright and Randall 1 and no doubling of the lines as in NH 3 was 
observed. The AsII. f band at 6138 cm -1 was barely resolved into rota¬ 
tional linos by Norris and Unger. 5 These results are summarized in 
Table XXX. 


ph 3 




Aslls 


Assignment 

v Obs. 


Av Obs. 

Assignment 

v Obs. 

Av Obs. 


/ 2527 

II 

8.7 

vi 

2122 II 


V i 

X 2:>0(> 

Ra. 





V-3 

< 020 

il 

8.5 

V j 

90G II 

8.5-10 

t 070 

Ra. 





v 2 

002. t 

_L 

li 

v :: 

? 



( H 21 .5 


! J 

v.| 

ioor> 


v i 

\ 1115 

Ra. 





Vl+V.1 

3428 

J. 


Vi-f v.| 

3091 


V j -f 2\’ 1 

4M1 



2v a ? 

4100 






:;vj ? 

0138 II 

8.187 

Table 

XXX. 

Vibrational 

spectra of: PH 3 

and AsH a 



The absence of doubling of the j| type bands in these molecules 
is probably due to the circumstance that the height of the potential bar¬ 
rier is considerably higher in these molecules than in NH 3 . The moment 
of inertia of PH 3 about an axis _L to the symmetry axis is accurately 
known from the pure rotational spectrum to be 

/a = 0.22 x 10 40 g.cm 2 3 . (85) 

For AsH 3> the moment of inertia T A from the 6138 cm -1 band is ca. 
6.75xlO- 40 g.cm. 2 

The angle between two P—H bonds is not known directly; but 
from the absence of the intensification of every third line in the vibra- 

1 R. Robertson & .1. J. Fox, Free. Roy. Soc. A 120, 161, (1928). 

a I,. \V. Fung & E. F. Barker, Rhys. Rev. 45. 238, (1934). 

3 N. Wright & H. M. Randall, ibid., 44, 391, (1933). 

* D. M. Yost & T. F. Anderson, Jour. Chem. Phys. 2, 624, (1934). 

» W. V. Norris & H. J. Unger, Phys. Rev. 46, 68, (1934). 
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lion-rotational bands which is expected on account of the nuclear spins 
of the H atoms, Fung and Barker inferred that the molecule is like a 
spherical top. This leads to a value a=88 Y 2 0 . By analogy with the 
trihalides of P and As, Yost and Anderson suggested that the angle is 
about 100°. 


4) NF 3 , 5) PF 3 , 6) PC1 3 , 7) PBr 3 , 8) AsF 3 , 9) AsC 1 3 , 10) SbCl* 
11) BiCla 

The Raman spectra of all these trihalides except NF 3 have been 
studied 1 and the infrared spectrum of NF 3 has been recently reported 2 . 
That these molecules have pyramidal structures are established on the 
following evidences: ( i) the presence of four Raman lines, two com¬ 
pletely depolarized and two having low values of the degree of depolari¬ 
zation, are in agreement with the selection rules for a pyramidal model, 
and (it) electron diffraction measurements show that these molecules 
have pyramidal structures, the angle between two Y—X bonds being 
of the order of 100°. 8 The results on these molecules are summarized 
in Table XXXI. 



vi U 

1 

V 2 J_ 1 

V 3 II 


a 

NF a 

908 Inf. 

1004 Inf. 

60S Inf. 

420 Inf. 

~110° 

PF S 

890 

840 

581 

486 

104° 

PC1 8 

510(0.14) 

480 (fi/7) 1 

267 ( 0.29) 

190 (6/7) 

101° 

PBrs 

880(0.28) 

400 (6/7) ’ 

162 (0.18) 1 

116 (6/7) 

| —104° 

AsF 3 

707 

644 

341 ' 

271 

(J00°) 

AsCls 

4J0(0.08) 

370 (6/7) : 

193 (0.61) 

159 (6/7) 

108° 

SbCl 8 

888 

312 

171 

147 

— 96° 

BiCls 

288 

242 1 

130 

! 96 

~ 95° 


Table XXXI. Fundamental frequencies of trihalides of P, As, Sb, Bi 
Numbers in parentheses are the degrees of depolarization. 


From the four fundamental frequencies in each molecule, Howard 


1 Raman spectra: PF 3 , D. M. Yost & T. F. Anderson, Jour. Chem. Phys. 2, 
624, (1934); 3, 754, (1935); PC1 3 , PBr 3 , AsC 1 3 , J. Cabannes and Rousset, Ann d. 
Physique 19, 229, (1933), depolarization; AsF 3 , Yost and J. E. Sherborne, Jour. 
Chem. Phys. 2, 125, (1934); SbCl 3 , J. Gupta, Sci. and Culture 3, 245, (1937); BiCl s , 
S. Bhagavantam, Ind. Jour. Phys. 6, 66, 86, (1930). 

2 Infrared spectrum of NF S , Bailey, Hale & Thompson, Jour. Chem. Phys. 5, 
274, (1937). 

8 Electron diffractions by PC1 3 , PBr s , AsCI 3 , Cf. L. O. Brockway, Rev. Mod. 
Phys. 8, 231, (1936). 
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and Wilson 4 have calculated the constants in the modified valence potential 
(77) (except fox* NF S ). The results are given in Table XXXII. 


:l * 

k a 

V 

C 


nf 3 :l 

3.94 

0.05 

0.02 

0.19 


PFs 

4.50 

1.07 

0.39 

0.04 


PC1 3 

2.J 1 

0.31 

0.28 

0.06 


PBr 3 

1.(32 

0.27 

0,15 

0.07 


AsFs 

3.90 

0.40 

0.34 

0.06 


AsCl 3 i 

2.01 

0.23 

0.19 

0.02 


SbCIs if 

1.75 

0.17 

0.16 

0.02 


BiCls ! 

i 

1.17 

0,10 

0.15 

0.02 



Table XXXII. Potential constants of trihalides of N, P, As and Sb 

in 10 5 dynes/cm. 


12, 13, 14) CIO*, Br03, 10* ions 

The infrared spectra of crystals containing these ions have been 
studied by Schaefer, Laski 1 and recently by Parodi 2 . The Raman spectra 
of these ions in crystals and in solutions have been studied by a number 
of authors 8 . From their apparant similarity with the spectra of the 
carbonate CO*' and nitrate NO* - ions, it was thought by some writers 
that these ions have coplanar structures like the latter ions 4 . It was 
shown by Zachariasen on semi-theoretical ground and by Slater on quan¬ 
tum-mechanical considerations* however, that these ions should have 
pyramidal structures 5 . Recently, Shen, Yao and Wu have shown, by 
measurements of the degrees of depolarization of the Raman lines of 
these ions, that the 982 cm -1 line of C10 3 and the 800 cm -1 line of 
I0 3 are each in reality composed of one intense and one weak lines in 
close proximity with each other. The presence of four Raman lines, of 
which two are depolarized and two have low values for the degrees 

4 J. B. Howard and E. B. Wilson, Jour. Chem. Phys. 2, 630, (1934). 

1 Cf. Cl. Schaefer and F. Matossi, Das Ultrarot'e Spektrum, P. 328. 

2 M. Parodi, C. R. 205, 607, (1937). 

3 Cf. K. W. F. Kohlrausch, Der Smekal-Raman Effekt. 

4 Schaefer, Matossi & Aderhold, Zeits. f. Physik 65, 289, (1930); R. Titeica, 
Spectres d'Vibration et Structure des Molecules Polyatomique , Paris, 1936. 

5 W. H. Zachariasen, J. Am. Chem. Soc. 53, 2171, (1931); J. C. Slater, Phys. 
Rev. 38, 325, (1931); R. S. Mulliken, ibid,, 40, 55, (1932). 

6 S. T. Shen, Y. T. Yao & T. Y. Wu, Phys. Rev. 51, 236, (1937). 
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of depolarization, establishes the pyramidal model according to the selec¬ 
tion rules. This conclusion is further confirmed by the observation by 
Parodi of the Tow frequency vibrations in the infrared. The Raman 
and the infrared data are summarized in Table XXXIII. 7 



Vi II 

Raman Itifra. 

_ 

V* ± 

Raman Infra. 

v 8 11 

Raman Infra. 

v 4 4- 

Raman Infra. 

Cio^ 

030 

(0.86) 

960 

982 994 

(6/7) 

610 

(0.56) 

624 

479 

(6/7) 

434 

BrOj 

806 

(0.38) 

800 

836 820 

421 

434 

356 

(6/7) 

344 

IOJT 

779 

(0.43) 

780 

826 793 

(0.67) 

390 

367 

330 

(6/7) 

322 


Table XXXIII. Infrared & Raman spectra of CIO* , BrO* , IO» ions 
Numbers in parentheses are the degrees of depolarization. 


Since the accuracy of all these frequencies, especially those obtained 
by the Reststrahlen technique, is very low, it would be meaningless to 
attempt any refined calculation of the potential functions for these ions. 
Shen, Yao and Wu have given the constants in the simple valence force 
potential (76). 



k 

k a 

p 

CIOs 

5.56 

1.07 

54° 

BrOs 

6.25 

0.59 

63.5° 

IOs 

6.36 

0.33 

63.5° 


Table XXXIV. Potential constants in 10 5 dy./cm. 


The regularity in the values of the angle {J and the constants k 
and k a so obtained is quite marked. These constants, however, must 
not be regarded as more than giving the order of magnitudes; for in 
molecules as these, the potential can hardly be expected to be the simple 
valence force type assumed in the calculation. 


7 Recently, Th. G. Kujumzelis, Zeits. f. Physik 109, 686; 110, 760, (1938), 
studied the Raman spectra of these ions and obtained results in complete agreement 
with those of Shen, Ya,o, and Wu. 
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C) Plane Symmetrical YX 3 Molecules 

For plane symmetrical molecules, the potential (69) still holds 
except that now F— O, since the potential must be an even function of 
z, the displacement of the Y 
atom perpendicular to the 
plane of the molecule. The 
normal frequencies are given 
by (70) with F=O. The 
forms of the vibrations are 
shown in Fig*. 28. 1 

Here v x is totally symme¬ 
trical ; v* is symmetrical about 
the symmetry axis but anti- 
symmetrical with respect to 
the plane of the molecule; v 2 
and v 4 are doubly degenerate, 
since the motion of the Y 
atom is isotropic in the plane 
of the molecule. The selec¬ 
tion rules are as follows: 

Vi 

Infrared inactive 

Raman p inactive d d 

It is seen that the plane YX 3 model differs from the pyramidal model 
in having* only 3 active vibrations in either the absorption or the Raman 
spectrum. 

If one now employs the less general potential (71), the condition 
for equilibrium is 

Again on writing 



1 ^ e . ^°* a1: * on ^Ployed here is such that the forms of vibrations in Fig. 28 
are the limiting forms of the corresponding ones in Fig. 26 for the pyramidal model 
when the height of the pyramid becomes zero. 



Fig. 28. Normal vibrations of plane YX 3 
molecules 


Vi Vjj (2) v 4 (2) 

II -L JL (86) 



Tetratomic Molecules 


205 


the following relations between the constants A,....E and k, k u k* 
result: 

A — +- 3 k a +k z J f B == 3 (k' a +k z ), 

C = i k + k lt D = i k + \k l + \k a (89) 

E = \k - Ik* - \k. z , 


For a central force potential, k a =} fc' a = 0 , and the determinantal equation 
gives 2 


Xi — (A + 3&i), 
171 


. _ M+2m , 
A3_ **’ 


+ X 4 = k + - 3 ~fc 1 + —~^" 3 J 
2 m 2 mM 


2mM 


h - <*» + **) + *« - £ fcf]. 

For a valence force potential, k 1 =k- 2 ~ 0 , and one obtains 


(90a) 


(90b) 


\\ = k/m, 


= 


M4-3m , 

mM ka ’ 


+ I 4 


2M + 3m 
2mM 


( ,k+3ka ), 


y i _ 3(M+3m), , 

A-2 A4— -i-s—„ "Ma. 

Mm- 


(91a) 

(92b) 


Corresponding to the modified valence force potential 

2F= *2 (&r,)*+&a 2(r6a,) i! +2A; , 1 2 5r<5rj + fc' 2 (? — V> (92) 

0 \ 3 / 

the frequencies are given by expressions obtained by replacing k in (91a) 
by k+2k\ , and replacing k in (91b) by k—k' x . 


1 ) BFs, 2 ) BC1 S , 3) BBr 3 

The Raman spectra of these molecules have been studied by Ander¬ 
son, Lassettre and Yost 1 . The infrared spectrum of BF 3 has been studied 
by Bailey, Hale and Thompson 2 , and that of BC1 8 by Cassie 3 . Electron 

2 Menzies, Proc. Roy. Soc. A 134, 265, (1931). The relations (90) given by 
H. H. Nielsen, Phys. Rev. 32, 773, (1928), are in error. 

1 Anderson, Lassettre & Yost, Jour. Chem. Phys. 4, 703, (1936); Yost, DeVault, 
Anderson & Lassettre, ibid., 6, 427, (1938). 

2 Bailey, Hale & Thompson, Jour. Chem. Phys. 5, 274, (1937); Proc. Roy. 
Soc. A 161, 107, (1937). 

* Cassie, Proc. Roy. Soc. A 148, 87, (1936). 
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diffraction measurements on BBr 3 and BC1 3 have been made by Wierl 
and by Brockway 4 . All the evidences are consistent with a plane sym¬ 
metrical structure for these molecules. Because of the presence of two 
isotopes of boron of mass 10 and mass 11, certain vibrations show 
isotope splittings which are in agreement with the theoretical values. 
This ascertains the correctness of the assignments of the observed fre¬ 
quencies. The results are summarized in Table XXXV below. 


BFs 

BC1 

8 

r 


BBrs 


Vi 

8S6 

Ra. 

vi 

471 

Ra. i 

Vj 

279 

Ra. 

vs 

r ooi 


V3 

r 402 

Ra. 

f;;7t 

Ra. 

[ 722 

« 

t 483 

* Ra. 

V 3 

{ 390 

♦ 


'1448 


V 2 j 

f 968 

★ 


fsoo 

Ra. 

v 5 

160.1 

* 

996 



1840 

* Ra. 

V4 

140 

Ra. 

V 4 

243 

Ra. 

Vi 

161 

Ra. 

2 V /1 

802 








V 3 +V 1 

117, S 








V 1 +V 4 

1370 


V 1 -f*v 4 

714 





V2+V4 

1832 

[1029 


| V--f-V4 

1200 





*> v 3 

2069 

1 

3v a j 

[ 1387 
[1429 





vi+v 2 or 2 v]+v 4 

2261 


V1+V2 

1429 





2 v 2 

2927 


1 

r i 9 i 2 

[1996 

♦ 




2 v 2 +v 4 

3201 








V 2 -V 4 | 

f 1038 

Ra. | 







[ 1 tor> 

Ra. | 

r(B-Cl) 

= 1.73 

A 

r(B — 

Br) = 

1.87 A 

2v 3 

1394 

Ra. | 





Table XXXV. Vibrational spectra of BF 3 , BC1 3 , BBr.< 


In the table, the frequencies marked by * are due to B 10 X 3 . The 
potential constants in (92) are calculated from the four frequencies of 
JB 11 X,‘j and with the constants so obtained, the frequencies for B 10 X 3 
can be calculated. The results are summarized in Table XXXVI. 



BFs 

BCls 

BBr 8 


B 10 F 3 

BioCls 

B 10 Bl ’3 

k 

6.09 

3.30 

2.60 

Vj 

i 880 

1 

471 

279 

k a 

0.48 

0.28 

0.26 

vs 

j 722 

483 

390 

k a 

0.80 

0.43 

0.27 

V2 

| 1603 

| 

1000 

843 

ki 

1.03 

0.06 

0.61 

V 4 

L- 

I 441 

243 

151 


Table XXXVI. Potential constants of BF 3 , BC1 3 , BBr s in 10 5 dy./cm. 


4 Cf. L. O. Brockway, Rev. Mod. Phys. 8, 231, (1936). 

5 Bailey, Hale and Thompson, loc. cit., compared the values of the B—-F, B —Cl 
and B—Br bond constants in these molecules with those in the respective diatomic 
molecules, namaly, BF:fc=7 17 (H. M. Strong & H. P. Knauss, Phys. Rev. 49, 740* 
1936); BC1: &=3.4; BBr: fc=2.67 (E. Miescher, Helv. Phys. Acta 8, 279, 1936). 





Tetratomic Molecules 


207 


It is seen that the calculated frequencies of B 10 X S are in complete 
agreement with the observed values in Table XXXV. 

4) NO* ion, 6 ) COT ion 

The Raman spectra of crystals containing these ions and also of 
solutions have been studied by a number of authors 1 . The infrared 
absorption spectra and reflection spectra have been studied by Schaefet 
and Schubert and by Nyswandler 2 . It was found that the Raman spectra 
of salts containing the NO s ions consist of one intense line at about 1060 
and two weak lines at about 720 and 1370 cm -1 , while the infrared 
spectra consist of three bands, 2 corresponding to the 720 and 1370 cm -1 
Raman lines and one at about 835 cm -1 . In the case of the CO* ion, 
the Raman spectra contain one intense line in the neighborhood of 1080 
cm -1 and two weak lines at about 710 and 1440 cm -1 , while the in¬ 
frared spectra contain three bands, two corresponding to the two weak 
Raman lines and one at about 860 cm -1 . Infrared experiments with 
polarized radiations show that in both cases, only the band at 835 (or 
866 in CO* ) is observed when the radiation is polarized with the electric 
vector parallel to the optical axis of the crystal, while the other two 
bands are observed when the electric vector is perpendicular to the 
optical axis. These results are consistent with a plane symmetrical 
structure, according to the selection rules ( 86 ). Below we give the 
fundamental frequencies of NOs in NaN0 3 , and of CO? in CaC0 3 and 
Na 2 C0 3 . 



Vl 

V* 

v 3 II 

v 4 

no r 

1050 

1389 

835 

725 

CaCO, 

1088 

1438 

.866 

714 

NajjCO! 

1063 

1415 


680 


It is of some interest to obtain the potential functions for thOse 

ions. It is found that with the frequencies in (93), equations (90) 
for the central force potential yield no solutions for the constants; but 
with the modified valence potential (92), one obtains the following values 

1 Cf. Kohlrausch, D?r Smekal-Raman Effekt: also Th. G. Kujumzelis, Zeits. 
f. Physik 109, 686, (1938); I. R. Rao, Proc. Roy. Soc. A- 144, 169, (1934); R. An- 
anthakrishnan, Proc. Ind. Acad. Sc. A. V, 286, (19371. 

2 Cf. Cl. Schaefer and P. Matossi, Das Ultrarote Spektrum. 
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NO 7 

cor 


k 

7.05 

6.10 

6,15 


ka 

1.28 

1.75 

1.55 


v i 
K a 

1.27 

1.47 

1.41 


k i 
1.77 
2.24 

2.06 


(94) 


The existence of two sets of values for the constants for NOs 
corresponds to the quadratic nature of the equations. (In the case of 
COf, the other set has been rejected as unreasonable). It must be em¬ 
phasized that the constants in (94) are meant only to give the order 
of magnitudes, since the frequencies from which they are obtained vary 
somewhat in different crystals (NaN0 3 , KN0 3 , Na 2 C0 3 , CaC0 3 etc.). 


D) Plane Symmetrical ZYX 2 Molecules 

A plane symmetrical ZYX 2 molecule possesses 6 normal vibrations. 
Of these, 5 are planar and one is antisymmetrical with respect to the 
plane of the molecule. Of the 5 planar vibrations, 3 are symmetrical 
with respect to the axis of symmetry and 2 are antisymmetrical. The 
general forms of these vibrations are shown in Fig. 29. 



Fig. 29. Normal vibrations of OCH 2 type molecules 


The selection rules are as follows: 

Vi, Vj, v, v 4 , v* v® 

Infrared 9K* 271* 

Raman p d d 
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where the z-axis is along the symmetry axis, and the y-axis perpendicular 
to the plane of the molecule. 

The normal vibrations of such a molecule have been treated by 
a number of authors 1 . With a modified valence force potential of the 
form 

2 F = A-[( 5 r 1 ) 2 + ( 5 r 2 ) 3 J + fc 1 ( 5 r) ! + * e (a 5 e ) 2 + fr<p s 5 [ ( 5 c Pl ) 2 + ( 5 q) 2 ) a J 

+ /c 8 hr (abe) + kfir (br l + 5r 2 ) , (95) 

the determinantal equation gives 

Xi 4 ~ 2^ + X3 = Ak + Bki + Cka ^ DhL ft 4. 

1 1^2 + ArjXj + ^3^1 = Ekki + (F k + Gki) k a + ( D/tyi ) k l k$ — iFk* 

+ {Kk,- L -k~ \E k A ) A* 4 


Ai A 2 As =H (kk a - i A?) A, - i H k* k* 

h + l * = Ck + (l* + 

where a—Y—X and b—Z~Y distance, and 

A = (M+M 1 )/MM l , B =JL+ 2 cob *- 6 - , C =JL+^- S in* e 

m M ° ™ 


(96) 


m M 


D — sin , E = %r B +- 1 ® > F =-Lc + * , 

ikf 2 m M Mi m M 

G =(M+2m)/mW, = (M+Af 1 +2m)/m , MAf 1 , 

K 


^ cos , L =-jj- cos k a =2fce + A« P (s/a)* 

The vibration v« in which the atoms move in directions perpendi¬ 
cular to the plane of the molecule can be treated in the same manner 
as in the case of the perpendicular vibration of a linear triatomic mole¬ 
cule 2m~M-M , 


1 The equations (97) reduce to those obtained by Lechner, Wien. Ber. 141, 
633, (1932), if one puts fc 8 =fe 4 =0; and reduce to those obtained by J. J. Fox and 
A. E. Martin, Proc. Roy. Soc. A 167, 257, (1938), on putting fc 4 =0. 
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1) OCH 2 , la) OCDo 

The infrared spectrum of formaldehyde OCH 2 has been studied by 
Nielsen, Patty and Ebers 1 . On the assumption of the model in Fig. 
29, and on consideration of §2, Chap. IV, the bands v lf v 2 , v 3 will be 
of the “A” type, v 4 ana v : , of the “7?” type and of the “C” type. 
The spectrum shows 4 bands at 2974, 2780, 1744 and 1504 cm -3 
of the || type of symmetrical rotators, and 3 bands at 2865, 1287 and 
1165 cm" 1 of the J_ type of symmetrical rotators. The first 3 parallel 
type bands have been resolved into a Q branch and a number of equi¬ 
distant lines in the P and R branches, while only the contour has been 
mapped for the fourth. In the region of the two JL type bands at 
1165 and 1287 cm” 1 , the separations between the prominant lines (in 
fact groups of lines) decrease from about 24 cm -1 in the two outer 
regions of the two bands to about 5 cm - * 1 in the region between the 
two bands. The separations between the lines in the _L band at 2865 
cm"" 1 are about 16 cm~ l . 

The appearance of the }| type bands is understandable when one 
remembers that the OCH 2 molecule is only slightly asymmetrical, i.e., 
I a In such a molecule, the structure of the “A” type bands 

would be like that of the || bands of a linear molecule, but with a 
splitting of each line into a number of “fine structure” components, 
which under the practical resolution of experiment would appear as 
a single line. From the observed line spacings in such bands, it is 
possible to determine the moments of inertia of the molecule by means 
of the energy expressions for an asymmetrical rotator. But more 
accurate values are obtained from the analysis of a number of electronic 
bands of the molecule by Dieke and Kistiakowsky 2 . For the normal 
state, they found 

/ A = 2.9, /# = 21.4, /c = 24.33 x 10 40 g. cm 2 

The anomalous spacings in the _L type bands at 1165 and 1278 
cm -1 was explained by Nielsen as due to the interaction between the 
vibration and the rotation of the molecule. The closeness of the fre¬ 
quencies of the vibrations v 5 and v 6 means that the motion of the C atom 
is only slightly anisotropic in directions perpendicular to the symmetry 
axis. Hence these two vibrations take on some of the properties of the 

1 J. R. Patty and H. H. Nielsen, Phys. Rev. 39, 957, (1932) ; H. H. Nielsen, 
ibid., 46, 117, (1934); E. S. Ebers and H. H. Nielsen, Jour. Chem. Phys. 5, 84, 822, 
(1937). 

2 G. H. Dieke & G. B. Kistiakowsky, Phys. Rev. 45, 4, (1934). 
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doubly degenerate vibrations of molecules possessing axial symmetry, 
like YX 3 and ZYX 3 (see §3, Chap. IV). Nielsen 3 has worked out a 
calculation similar to those of Teller and of Johnston and Dennison. It 
was shown that the calculated structure of the two perpendicular bands 
v 5 and vg is in exceedingly good agreement with the observed spectrum. 

The assignment of the fundamental frequencies is guided by the 
following considerations: Roughly speaking, v A and v 3 may be regarded 
as the vi and v 2 vibrations respectively in the triatomic CIL> group and 
v 2 as the vibration of the C—O group. The vibration v 4 is roughly the 
v s vibration in the CH 2 group. The parallel band at 2974 cm" -1 can be 
assigned to the harmonic of v 3 —1504, although it is possible that the two 
parallel bands 2780 and 2974 are jointly due to transitions from the 
normal state to the resonating pair of levels v a and 2v 3 . 

For OCDo, Ebers and Nielsen 4 observed 4 |j type and 3 X type 
bands. Only the || band at 2056 cm -3 and the X band at 2160 cm -1 
have been sufficiently well resolved. The greater mass of the deuterium 
atom increases the asymmetry of the molecule and hence the splittings 
of the rotational lines, and at the same time decreases the separations 
between these groups of lines. The observed bands are given in Table 
XXXVII. 



i 

1 

Obs. v 

och 2 

Av 

| 

Obs. v 

ocd 2 

Av 

Vl 

2780.8 

II 

±.k 

2050.4 

II 

1.85 

2 vg 

2974.0 

11 

2.4 

2209.0 

II 


v 2 

1744.1 

II 

2.4 f 

1700 

II 


V3 

1604 

II 

ji 

JIOG.O 

II 


V 4 

! 2805 

_L 

10.2 j! 

2100.3 

_L 

7.0 

Y& 

1278 

_L 

23-5 |, 

990.2 

_L 


V5 

1 

1166 

_L 

6-23 

938 

_L 



Table XXXVII. Vibrational spectra of OCH 2 and OCD 2 


The constants in the potential (96) with k^—k A —0 have been 
calculated by Ebers and Nielsen who found that both OCH 2 and OCD 2 
can be approximately described by 

kcH = 4.22, kco — 12.06, 

(97) 

ke =1.46, kcp(s/a) 2 = 0.57 x 10 B dy./cm. 

8 H. H. Nielsen, Jour. Chem. Phys. 6, 818, (1937) ; Ebers and Nielsen, loc . cit. 

* E. S. Ebers and H. H. Nielsen, Jour. Chem. Phys. 6, 311, (1938). 
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Here one notices that the C—O bond constant is considerably lower than 
the value 15.9 in C0 2 . The C—O bond in this case is believed to be a 
pure double bond, while in C0 2 it contains contributions of triple bond 
arising from quantum-mechanical resonance. The considerably lower 
value for the C—H bond constant (compared with ca,. 5xl0 5 in CH« 
and C 2 H 4 ) must also be noted, although it is subject to changes when 
the observed frequencies are corrected for anharmonicity and when one 
takes into consideration a possible resonance interaction between Vi and 
2v 3 . 


2) OCCl 2 (phosgene) 

The Raman spectrum has recently been studied by Ananthakrish- 
nan 1 and the infrared absorption spectrum by Bailey and Hale. 1 2 3 The 
assignments of the observed frequencies as given by these authors are 
summarized by Table XXXVIII. 




Obs. v 


Assignment 

Infra. 

Raman 

Calc. 

Vi 

563, 676 

671 p 

» 

v 2 


300 p 

* 

v 3 

iS27 

ISJO p 

« 

V 4 

845 

834 d 

* 

V5 


7 

300 

V6 


444 d 

* 

v*4-va- V 5 +V 6 

736, 746 


744 

2 vi 

f IJ67 


1152 

vz-Kvtj 

l 


1188 

V 4 +V 6 

1285 


1289 

vi*fv 4 

f 


1421 

vj+lva 

< 1403 


1 J452 

2Vi+v 3 

( 


1459 

Lv 4 

1666 


i 1690 

V 2 +V 3 ; V3+V5 

| 2062 


2127 

2V1+V6 


2134 

Vi*fV3 

2336 


2403 


2714 


! 2715 

? 

2780 


1 

2 vs — Vi 

3069 


3078 

2v$ 

3630 


: 3654 


Table XXXVIII. Vibrational spectrum of OCCl 2 

Electron diffraction measurements give the following values for 
the dimensions of the molecule 8 


1 Ananthakrishnan, Proc. Ind. Acad. Sci. A 6, 285, (1937). 

2 C. R. Bailey & J. B. Hale, Phil. Mag. 25, 98, (1938). 

3 Cf. L. O. Brockwaj, Rev. Mod. Phys. 8, 231, (1936). 





Tetratomic Molecules 


213 


r(C —Cl) = 1 . 68 ± .02 A, r(0 — C) = 1.28±.02 A, e=117°=fc2° 

With these values and the fundamentals in Table XXXVIII, Bailey and 
Hale have calculated the constants in (96) with k%=ki=0, 

kcci= 2*27, k c0 = 12.1, 

ke = 1.05, k<p (s/a) 2 = 0.20 x 10 6 dy./cm. (98) 

3) SCC1 2 (thiophosgene) 

The planar structure of this molecule is established by electron 
diffraction measurements which give the following dimensions 1 

r(C—Cl) = 1.70± .02 A, r(S-C) = 1.63 A, e = 116°. 

The Raman spectrum of this molecule has recently been reported by 
Thompson . 2 His assignments of the observed frequencies are as fol¬ 
lows: 

Vi = 496 (5), v 2 = 287 (3), v 3 = 1121 (10), 

v 4 = 660(0), v 6 = 363 ( 1 ), v„ « 200(1), (99) 

v 2 +v„= 1388 (2). 

E) Pyramidal YZX 2 Molecules 

A molecule with a Y atom at the vertex of a pyramid and a Z 
atom and two X atoms forming an isoceles triangle at the base has the 
symmetry C*. Of the 6 normal vibrations, 4 are symmetrical with 
respect to the plane of symmetry (containing Y and the bisector of the 
angle X—Z—X), and 2 are antisymmetrical. In case the bindings be¬ 
tween the Y atom and the Z, X atoms are stronger than those between 
the Z and X and between the X atoms themselves, the nature of the 
vibrations can be roughly described as follows. Of the 4 symmetrical 
vibrations, one involves the symmetrical valence vibration vi in the YX 2 
group, one the valence vibration in the Y—Z bond, one the symmetrical 
deformation vibration v 2 in YX 2 , and the other a deformation vibration 
of the triangular system Z—Y—(X 2 ). Of the antisymmetrical vibra¬ 
tions, one involves the valence vibration V 3 in YX 2 , and the other a de¬ 
formation vibration of the molecule. All the vibrations are active in 
both the absorption and the Raman spectra, with the symmetrical vibra¬ 
tions polarized and the antisymmetrical vibrations depolarized. 

1 Cf. L. O. Brockway, Rev. Mod. Phys. 8, 231, (1936). 
a H. W. Thompson, Jour. Chem. Phys. 6, 748, (1938). 
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1 ) OSF. (thionyl fluoride), 2) OSCl 2 (thionyl chloride) 

The Raman spectrum of these molecules are known. 1 The follow¬ 
ing assignments can be made on considerations of the valence frequencies 
in SCL, SF(LSCL (see sections on these molecules in this chapter). 

v(S-O) Vl (SX 2 ) 8(SX«) 8 (OSX,) v 3 (SX 2 ) 8 

OSFo 1312(10) 720(9) 529(8) 395(G) 795(9) 326(1) (100) 

OSCL 1229(m) 443(s) 343 (vs) 282(s) 48 8(s) 192(-s) 


§3 


Penatomic Molecules 

A) Linear Symmetrical Y 3 X 2 Molecule 

The only molecule of the form X-Y-Y-Y-X known is carbon sub¬ 


oxide C. { CL. This molecule possesses 10 
vibrational degrees of freedom. Simple 
symmetry considerations show that 
there are 4 parallel vibrations of which 
2 are symmetrical and 2 antisymmetrical 
with respect to the center of symmetry, 
and 3 doubly degenerate vibrations 
of which one is symmetrical and 2 are 
antisymmetrical with respect to the 
center of symmetry. The general 
forms of these vibrations are shown in 
Fig. 30. 

The selection rules are as follows: 
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Normal vibrations 

of 


carbon suboxide molecule 


Infrared 

Raman 


Inactive 

P 


V 3 , v 4 

II 

inactive 


v 5 , v c 

± 

inactive 


v 7 

inactive 

d 


The normal vibrations can be treated in the same way as for the 
C 2 H 2 type molecules. For the parallel vibrations, let the changes in the 
lengths of the 4 successive bonds be x u x 2f and let us assume a 

potential of the form 


1 OSF l >, Best & Trampe, quoted by Don M. Yost, Raman Jubilee Volume , 
Proe. Ind. Acad. Sci. A. (1938); OSCL, Matossi-Aderhold, Nisi, in Kohlrausch, Der 
Smckal-Raman Effckt , P. 349. 
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2V = k x {xl + x\) + k,{x\ + x 2 t ) + 2k i (x l x z +X' i x i ) +2k i x„x i (101) 
The determinantal equation gives for the 2 symmetrical vibrations 


2 

M 




h + h = Ij ( k i + ki) + --+ M ) A'a 

= to 1 ^[(A-i + k 4 ) k, — AriJ , 

and for the 2 antisymmetrical vibrations 

1* + I 4 = q ( k i ~ K 'i) + ( w + , w -) k *~ m As 


(I 02 ai 


(102b) 


*.*« - * 4 ) A - 2 - Ar|] 

For the perpendicular vibrations, let us choose a potential of the 


form 


2 V = k al ( a'f -f a'^) + A' a2 + 2k a8 (ai a 2 + a 2 <**)• 


The symmetrical vibration is given by 

Mb* 


,]h - *a>[“- + £- + aT( 
and the 2 antisymmetrical vibrations are given by 


t 


M ' 1 + m(a + 8) 2 


M8 

a+ b)m 


]'■ 


(103) 


(104a) 


(PY-8 J ) If,* —[yAtcu +i PA:„ 2 -28 fc as ]X s , 6 +| [ Ac al fc a2 - 2k^ ] =0 (104b) 


where 
p = r 2 

y = r 2 
8 = r 2 


f / M+2m 

r ( m 

f / M-h 2m 

rv—if- 

f / M+ 2m 

L- m (— H- 


XJ)’-«(£)!■ 


2m\ 2 '| 

iwj ’ 

1 _ 2r«\'l 

a ~ M6/J’ 


r = Ma6 

2^iM+2m) - 

The infrared absorption spectrum of C 3 0 2 has been studied by 
Lord and Wright’, and the Raman spectrum by Engler and Kohlrausch 2 . 


1 R. C. Lord & N. Wright, Jour. Chem. Phys. 5, 642, (1937). 

2 W. Engler and K. W. F. Kohlrausch, Zeits. f. phys. Chem. B 34, 214, (1936). 
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The assignments of the fundamental frequencies have been discussed by 
the former authors on the basis of the selection rules for a linear sym¬ 
metrical model (similar to those for C 2 H 2 ). There is little doubt that 
v 2 (s)=843 Ra., vi(s)=2200 Ra., V4(a)=1570 Inf., vs(a)=2290 Inf., 
v 7 (s) =586 Ra. As to the two antisymmetrical deformations v 6 and v 6 , 
these authors found that it is possible to account satisfactorily for all the 
observed bands on the basis of two alternative assumptions: { v 6 (a) =» 
190, v 8 (a)=550 }, or (v 8 (a) =190, v e (a)=900 } . The observed bands 
and their assignments are given in Table XXXIX. 


Obs. 

ve(a) = 550 
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Svi+£v, 
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18S0 
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\ Vj- 2 v 5 ? 
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v s -£v s 
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Vi~v 5 
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Vj+£v a 
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2160 

Vfl + 2 v 7 
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Vl 

* 

2290 

Vs 

* 

Vs 

♦ 

2410 

( Vx+V 5 ? 

2390 

(Vl+Vj ( 

2390 


1 V 2 +V 4 

2410 

\V2+V 4 

2410 

3150 

v,+v 3 

3130 

V2+V3 

3150 

3380 

Vs +2v e 
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4490 
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4190 


Table XXXIX. Vibrational spectrum of C 3 0 2 


It is seen that it is not possible to decide between the two alter¬ 
native assumptions regarding v 6 (a). From the 4 parallel fundamentals, 
the constants in the potential (101) can be calculated, 

k cc = 12.5, k C o = 16.0, Ar, = 2,6, = 1.42. (105) 

It is noted that the C—O bond constant is considerably higher than the 
value 12 x10 s in OCH 2 , but is about the same as in C0 2 . This again 
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suggests contributions from triple bond wave functions as the result of 
resonance among the following structures 


6—C = C—C=0, 0 = C = C = C = 0, 0 = C-C = C-0 


Electron diffraction measurements show, however, that the C-0 distance 

O O o 


1.20±:.02 A is greater than 

the value 

1.13 

o 

A in 

C0 2 and 1.15±.05 A 

in OCH 2 . 8 






The constants 

in the potential 

(103) 

can 

be calculated for both 

assignments v 6 (a)=550 and 

ve (a) =900. 




k a i — 

0.82 




(I) v 5 = 190 

f = 

2.12, 

( 

or « 

i 

f ^a2 

= 0.47, 

v« = 550 

( = 

- 0.85, 

i ^€*.3 

= — 0.22; 

(II) v 5 = 190 




f ^0.2 

(106) 

f kc.2 = 

3.94, 

or ■ 

= 0.05, 

v 6 = 900 

1 k G9 = 

1.1 , 

l has 

= 0.04 XI0 -11 . 


For each assignment, two sets of constants are obtained because of the 
quadratic nature of (104b). The first set in each case can almost be 
immediately excluded since they are very much higher than similar defor¬ 
mation constants in other molecules. Of the second sets, not much can 
be said except that the assignment v c =900 seems to be more in line 
with the general result in other molecules (C 2 H 2 , C 2 N 2 , C 4 H 2 ) that the 
interaction term is in general considerably smaller than the main terms 
in the potential. 


B) Tetrahedral YX 4 Molecules 

Consider a molecule consisting of 4 X atoms at the corners of a 
regular tetrahedron and a Y atom at the center. Because of the high 
symmetry, the nine degrees of freedom for vibration degenerate into four 
distinct frequencies: Vi which consists in a symmetrical pulsation of the 
4 X atoms about the center; v 2 in the motions of the X atoms in directions 
perpendicular to the Y-X bonds and is doubly degenerate since the motion 
of any X atom is isotropic in directions perpendicular to the Y-X bond;v$ 
which may be roughly described as the out-of-phase vi vibrations in the 
two YXo groups (the in-phase vibrations give vi above) ; and v 4 which 
is roughly the vibration of the Y atom with respect to the 4 X atoms as 
a whole. The vibrations v 3 and v 4 are tribly degenerate in a first app- 

3 r (C — C) =1.29±.03A, r (C — 0) =1.20±:.02A. Cf. L. O. Brockway, Rev. Mod 
Phys. 8, 231, (1936). 
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roximation in which the motion of the Y atom is isotropic about its 
position of equilibrium. The general forms of the vibrations are shown 
in Fig. 31. 



Fig. 31. Normal vibrations of tetrahedral YX 4 molecules 


The selection rules are as follows: For the fundamentals, 



Vi 

V 2 (2) 

v s (3) 

v « (3) 

Infrared 

inactive 

inactive 

active 

active 

Raman 

P 

d 

d 

d 


and for harmonic and combination bands, 


Infrared 

Av,, 

At’*, 

arbitrary. 

| Av s | + | Av 4 | =#= 0 

Raman 

Av lt 

Av 2 , 

Av s , Av< 

arbitrary. (107a) 


The order of magnitude of the normal frequencies can be obtained 
from the above considerations of the nature of the vibrations. In general, 
Vi and vs are more or less characteristic of the Y-X valence vibration 
frequency while v 2 and v 4 have low values. A treatment of the normal 
vibrations of the YX 4 molecule was first given by Dennison 1 who assumed 
a central force potential. On the other hand, a treatment based on a 


1 D. M. Dennison, .Astrophys. Jour. 62, 84, (1925). 
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simple valence force potential was given by Lechner 2 . It has been shown 
by Rosenthal 3 that the most general potential function having the same 
symmetry as the tetrahedral symmetry of the molecule contains five con¬ 
stants A, B y Cy Dy Ey and that the determinantal equation gives for the 
4 distinct frequencies 


h = 16 Elm, 


}i 2 = 4 Clm. 


m (As + Aj 


>= 0 +8 4 


o ( 108 ) 


mU = ~ (AB — D~)y 

M- 


where p—M/ (M+4m ). The meaning of these potential constants can 
be made clear by the following relations between them and the constants 
in the potential 

2F - K, 2 * (b qij ) 2 + K. X \ b Qli bq }n + K % 2 (6r,) 2 

7 yj iyjyll=^l 7 

+ A% (2 Sr*)* + A 5 X 4 5r* Si/j*. (109) 

i i,j»n 


where q , r are the X —X and Y—X distances respectively. The relations 
are 


A = j K 3 , B = \K x -\K z +i A', - -~^ s , 

c = i (K, + i K s ), D = i iv 8 - *# - (110) 

E = \ [A, + + i K s + K 4 + J~- Kfi. 

As there are five constants in the potential but only four distinct 
frequencies, it is necessary for practical purposes to employ a less gen¬ 
eral potential containing fewer constants. A potential containing cen- 


tral and valence forces is the following: 

S8,1 + l 

f 3 ' T ) 

K dr 2 ) 

1 2(»r«)* + 

-Hifra 2 {rbaij) 2 


( 111 ) 


2 F. Lechner, unpublished Graz Dissertation. 

* J. E. Rosenthal, Phys. Rev. 45, 538, 766; 46, 730, (1934). 
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where aa is the angle between r< and rj. 
The condition for equilibrium is 




(£).- 

-^(IfX 

On writing 

(dW\ 

\ Vr*7 a 

(&) 

an— 

one obtains 




A =* 

(fc + 4&a * 

GO 

1 

B " j2 + 3fcj + fc 2 ) , 


( 112 ) 


C — J (3fra + fri — fr 2 ), 


D — $ (fc — 2fra "b 4frj), 


F =l(fr + 4fr x ). (113) 

In this case, only 4 of the 5 constants A, B, C, E, D are independent, 
there being one relation among them 

D = ioB- 2 C-$E (113a) 

From (113) one obtains 

Jc = ±A + 20 B — 4 C — 16 E, k a = 3B + C — 4E, 

frj = —~ A — 5J5 + C-+8 E, fr 2 = — ~ A +4 B —4 E. 

With the potential (111), it is possible to express the constant 
D in terms of the 4 frequencies by means of (113a) and (108), 

-Lu + J5-) D - { a,+M-(-VX) ±f[(i + §■) 0. - w 

a* + -di + w}*!* (ns) 

and by means of (108), 

A - 2+ h ± [ (h - 0 s ]*} , 

C = m Xj/4, E = m Xi/16. 


( 116 ) 
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On the assumption of a central field, fc a =0 and (108) become, 
on account of (113), 


Xi — (k + 4kj)/m , X, = (fej — k 2 )/m , 


m 


3mM 


(117) 


hh = —fc (fci - 5fc 2 ) - 8fc 2 (fc x + fc 2 ) ] 

For a simple valence force potential, fc 1 =fc 2 =0, and (108) become 
in this case 


Xi = Zc/m , Xj = oka/m , 

h + h ~(m + m) k + 2 {m + m) ka ’ (ll8> 

From (118), the following* relations result: 

kxiz =-| -uk* ; x»+^=i[(2+-i)X! +Id +-~)x, ] • (no) 

These two relations may be used as a criterion as to whether a molecule 
can be satisfactorily described by a simple valence force potential. 

A special form of the potential (111) has been suggested by 
Urey and Bradley 4 * who assumed a potential k' t /q n for two X— atoms. 
On this assumption, (111) can be put in the form 

V =(|^ f ) 2 < v' 6"5r, - 8 < 7 <) + *l(|^) ( 8 r«)’ + * ke 2 (rite,)* 

+ * fci, S(5g<)*, (120) 


4 H. C. Urey and C. A. Bradley, Phys. Rev. 38, 1969, (1931). 
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where n is a positive integer, and e; is the angle of deviation of the 
Y—X< bond from its position of equilibrium. The equations for the 
frequencies are 

m \ x = k + ( n + 1) k t ; m X 2 = ke + i (n + 2) k a , 

3m(h+M = (3+-j^)k+(3+ ^ ) ke + (1 + 11 + (121) 

3wip As h = 3 k fee + (3 4- i n) k k z -f n ke k 3 + n k$ , 


where 


k ) = 4 nk[</q n + 2 , n = mM/(M -f 4m). (122) 

As has been pointed out by Rosenthal, the assumption above concerning 
the force between the X atoms is equivalent to setting k 1 = — (n-f 1) k 2 in 

( 112 ). 


For the harmonic and combination bands, it is necessary to take 
into consideration the effect of anharmonicity of the vibrations. It has 
been shown in §1, D, Chap. Ill, that on account of the symmetry of the 
YX 4 molecule, the state v 3 or v 4 is degenerate, the degree of degeneracy 
being 


i(v + 1) (v + 2). (123) 

A part of this degeneracy is removed if an anharmonic potential having 
tetrahedral symmetry is introduced. The number of distinct levels into 
which a state v (v 3 or v 4 ) is split has been given in Table I. The 
magnitude of the splitting separations between the levels of a given state 
v depends on the anharmonic potential and the masses of the atoms in 
the molecule. Hence the first harmonic of the fundamental v 3 or v< 
would consist of three component bands, the third harmonic seven com¬ 
ponent bands, etc., of which, however, not all are active in absorption. 

The rotational structure of the infrared active bands would ac¬ 
cording to §§ 1, 2, Chap. IV, consist of a number of equidistant lines 
with the separation Av=fe/47r 2 /, where I is the moment of inertia of the 
molecule. The structure which is observed in the bands of such 
molecules as CH 4 is, however, much more complicated than is predicted 



Penatomic Molecules 


223 


by this simple theory. The complexity of the band structure can be 
explained on the following considerations : 

(£) The theory of Teller and of Johnston and Dennison, 5 & §4, 
Chap. IV, shows that the interaction between the vibration and the 
rotation of molecules possessing 3-fold axis of symmetry gives rise to 
energy changes which are different for different states of the degen¬ 
erate vibrations. Recently, Jahn 0 has published a detailed study of this 
type of interaction in the YX 4 molecules. 

(ii) As a result of the splitting of a band involving harmonics 
or combinations of the tribly degenerate fundamental v 3 or v 4 into a 
number of component bands, unless the splitting separations are large, 
these component bands will overlap one another, resulting in a high 
complexity in the rotational structure of the band. 

1) CH 4 

The infrared and the Raman spectra of CH 4 have been studied 
by a number of authors 1,2,3 . The observed frequencies are summarized 
in Table XL. 

5 D. M. Dennison & S. B. Ingram, Phys. Rev. 36, 1451, (1930); also M. 
Johnston & D. M. Dennison, ibid., 48, 868, (1935). 

o H. A. Jahn, Proc. Roy. Soc. A 168, 469, 495, (1938); W. H. J. Childs and 
Jahn, ibid., 169, 451, (1939). In these papers, the effect of the coupling between 
the vibrations v 2 (2)~1520 and v 4 (3)=1305 on the positions and the intensities of 
the rotational lines in the v 4 band is worked out. The result is in complete agree¬ 
ment with the observed structure of the band measured by A. H. Nielsen & H. H. 
Nielsen, Phys. Rev. 48, 864, (1935). 

1 Infrared bands: J. P. Cooley, Astrophys. Jour. 62, 73, (1925), 1305 and 3022 
cm -1 bands under high dispersion; J. W. Ellis, Proc. Nat. Acad. Sci. 13, 202, 
(1927), near infrared bands under low dispersion; J. G. Moorhead, Phys. Rev. 
39, 83, (1932); W. V. Norris & H. J. Unger, ibid., 43, 467, (1933); A. H. Nielsen 

& H. H. Nielsen, ibid-, 48, 864, (1935), near infrared bands resolved into rotational 
lines. 

2 Photographic bands: R. Mecke, Zeits. f. Astrophys. 6, 144, (1933); H. Vedder 
and R. Mecke, Zeits. f. Physik 86, 137, (1933) ; D. M. Dennison & S. B. Ingrain, 
Phys. Rev. 36, 1451, (1930), 11620 era- 1 band; W. H. J. Childs, Proc. Roy. Soc. 
A 153, 555, (1935), 8900 and 9047 cm- 1 bands. 

3 Raman spectrum: Dickenson, Dillon & Rasetti, Phys. Rev. 34, 582, (1929) ; 
C. M. Lewis & W. V. Houston, Phys. Rev. 44, 903, (1933); Polarization measure¬ 
ments by S. Bhagavantam, Nature 129, 830, (1932). 
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Assignment 

Obs. v 


Av in cm- 1 

Obs. Calc. 

Calc, v 

Vl 

2915 

Ra. 



• 

V 3 

(1520) 




• 


(3019.0 


9.77 

* 

* 

Vs 

13022 

Ra. 




V 4 

1305 


5.4 

* 

* 

2V4 

2608 


15.3 

14.8 

* 

V 2 +V4 

2824 





2 v 2 

3072 

Ra. 




Vj+2 V* 

4122 




• 

Vl+V 4 

4218 


5.3 

5.4 

« 

Vg+V4 

4315 


13.5 

12.6 

* 

V 2 +V, 

4547 


10.7 

9.8 

4534 

VJ+2V* 

5588 


10.2 

14.8 

6610 

V 2 +V;l+V4 

5769 


10.85 

12.6 

6826 

Vl+V S 

58G5 



9.77 

5870 


6008 


10.4 

10.5 

* 

v 2 -f 2v s 

7516 


10.65 

10.5 

» 

2V1+2V4 

8423 


10.80 

14.8 


2V,+V S 

8606 


9.44 

9.77 

8626 

v l+2Vj 

8800 



10.5 

* 


8900 





2Vj 

9017 


10-11 

9.77 

8904 

2v,+Vj+v 3 

10114 



9.77 

* 

v i+v-+2vg 

10303 



10.5 

10296 

Svi+Va 

11270 



9.77 

♦ 

2vi+2vg orVj+Svs 

11620 





4vg 

11885 




11888 

Svi+vj+vg 

12755 




12775 

4VJ+V* 

13700 




13839 


Table XL. Vibrational spectrum of CEL 


The assignments of the observed bands are based on considera¬ 
tions of the rotational line spacings according to the theory of Teller and 
of Johnston and Dennison. 4 From the spacings of the rotational lines 
in v 8 and v< and by means of (83) and Table IV of Chap. IV, the latter 
authors obtained the following dimensions 

7=5.47 x lO"” 10 g.cm*, r (C7—H) = l.ll A, r (H—H) = l,81 A. (124) 

The spacings in the other bands calculated according to (89) of Chap. 
IV are in reasonable agreement with the observed values. 

From the bands marked by *, an estimate is made of the coeffi¬ 
cient in the energy expression 


* M. Johnston & I/. M. Dennison, Phys. Rev. 48, 868, (1936). 
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E/h = (v x +\) v,+ (Va+l) v 2 + ( V i+~) v <+ ( v 4+g) v 4+ ( v i+i)**n 


+.(v, + ~)(v 4 + |) x M 


which is not strictly correct since it takes no account of the removal 
of the degeneracy (123). For the same reason, the frequencies calcu¬ 
lated for the other bands are only approximate. Nevertheless, such a 
calculation serves to show that the assignments for most of the bands 
are correct. 

The spectrum of CH 4 is of special interest in another connection. 
Some 40 bands in the visible and the photographic infrared regions have 
been observed in the absorption spectra of the atmospheres of the major 
planets; and these bands have been identified as CH 4 bands by studying 
the spectrum of the gas under high pressure in a long tube. This shows 
that the atmospheres of Jupiter, Uranus and Neptune contain enormous 
amounts of methane.® 

To obtain the potential function of the CH 4 molecule, Johnston 
and Dennison 4 have obtained the following relations between the con¬ 
stants A and D in (108) and the rotational line spacings in v# and v*, 


Av< =( l-£«) 


h 

4jc 2 / 


_ (6 5,—-1) 
* (6 6 < + 2 ) 


Si= 


8 P 2 

(3 mh—A) 2 * 


(125) 


From these and (108), they found the following values 6 

A =7.67, 0.476, C = 0.341, D = 1.278, E =0.313’ (126) 

From (114), the potential constants in the potential (111) are obtained, 

*ot=5.07, ka — 0.50, k HH = — 0.15, Zr 2 = 0.17. (127) 

The smallness of the values for Uhh and k^ compared with kcu and k a 
shows that the simple valence force potential is a good approximation, 
as can also be seen by putting the frequencies into (119). The central 


* A, Adel and Y. M. Slipher, Phys. Rev. 46, 240, 902, (1934); 47, 651, 787, 
<1935). The classification of the major planet bands given by them is based on 
the assignment 3v 8 =8606 cm“' 1 . According to the scheme in Table XL, it would 
he necessary to change tiv 8 into (n—l)vj+v 8 . 

6 On account of the quadratic nature of the equation for D in (108), two 
roots were obtained, namely, Z>= ±1.278 XlO 5 . The negative value is rejected since 
the frequencies calculated with it for the deuteromethanes do not agree with the 
observed values (see below). 
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force potential is, however, not as satisfactory since lea turns out to be 
greater than kmi and h?. 

la, lb, lc, Id) CH 8 D, CH^, CHU* CD 4 

The spectra of these deutero-methanes are of interest for the 
following reasons: (1) the substitution of one, two or three of the H 
atoms in CH 4 by the D atoms lowers the symmetry of the molecule and 
removes a part or all of the degeneracy in the vibrational motion of 
the molecule. Thus CH 8 I> and CHD 8 have only a 3-fold axis of symmetry 
and there are in each molecule 6 normal vibrations of which 3 are 
doubly degenerate; while CH 2 D 2 has nine completely non-degenerate 
vibrations. 1 From these frequencies of the isotopic molecules and on 
the very reasonable assumption that the potential function remains 
unchanged by the isotope substitution, one can obtain more information 
concerning the potential of the molecule than from the spectrum of CH 4 
alone, and (2) the study of the spectra of these isotopic molecules has 
offered a means for the investigation of the equilibrium of reactions 
involving isotope exchange. 2 The fact that each of the molecules pos¬ 
sesses a spectrum different from those of the others has made possible 
the analysis of isotope mixtures. In the following, we shall only be 
concerned with the spectra of these molecules in so far as they furnish 
information concerning their structure, and reference must be made to 
the literature for the more chemical aspects of the problem. 

The infrared absorption spectra of these deutero-methanes have 
been examined by Benedict, Barnes and their coworkers under rather 
low dispersion. 2 They located nearly all the fundamental bands although 
no rotational structure was obtained. The Raman spectra of these 
molecules have been studied by McWood and Urey. 8 The infrared 
spectrum of CH 8 D has been studied under high dispersion by Ginsberg 
and Barker, 4 * and the spectrum of CD 4 has been studied by Nielsen and 
Nielsen. 6 The observed frequencies of these molecules are summarized 
in Table XLI. 

1 For the inodes of tnese vibrations, see Figs. 32 and 33 below. 

2 W. S. Benedict, K. Morikawa, R. B. Barnes & H. S. Taylor, Jour. Chem. 
Phya. 6,1, (1937). 

® G. E. McWood & H. C. Urey ,.ibid., 3, 66, (1936); 4, 402, (1986); A. Dadieu 
& W. Engler, Naturwiss. 23, 356, (1936), gave 2108 and 2141 cm -1 for CD 4 . 

4 N. Ginsberg & E. F. Barker, Jour. Chem. Phys. 3, 668, (1935). 

o H. H. Nielsen, Phys. Rev. 51, 62, (1937); H. H. Nielsen, & A. H. Nielsen* 

ibid., 64, 118, (1938). 
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1 

vi 

v a (2) 

v»(3) 

v<(3) 


Inf. 



8019.6 

1306 


ch 4 

Ra. 

2916 

1520 

3022 




Calc. 

* 

1520* 

* 

* 



Inf. ] 

2983 

1477.1 

3031 2205 

1156 

1307 

CHsD 

Ra. 


(2921.7) 

2199.5 

(2314.8) 

1330 


Calc. 

2961 

1458 

3082 2193 

1147 

1311 


Inf. 


1450 

2255 3020 

1036 1235.5 

1090.5 

ch,d 2 

Ra. 

2139 

(2916) 1286.6 

2974 

1033 1333 

(2179) 


Calc. 

2144 

1450 1290 

2980 2265 3027 

1038 1227 

1085 


Inf. 


1290 

2260 3000 

988 

988 

CHD 8 

Ra. 

2141 

1299.2 

2268.6 

(1963.4) (2092.8) 


Calc. 

2127 

1293 

2263 3015 

995 

997 


Inf. 



2269 

996.86 


cd 4 

Ra. 

2085 


2258 




Calc. 

* 

1052 

i 

* 

* 



Table XLI. Fundamental frequencies of deutero-methanes. 

The Raman frequencies in parentheses are the observed first harmonics 

of the respective vibrations 


The assignments of the irequencies of the deutero-methanes in 
Table XLI are guided by a comparison with the calculated values ob¬ 
tained by Johnston and Dennison 6 from the equations of Rosenthal with 
the constants in (126). The calculated values in the above table are, 
however, those obtained by Benedict who took intto .account the 
anharmonic corrections. 2 It is seen that the agreement between the 
observed and the calculated values is satisfactory. 


Assignment 

Obs. v 

ObsAv 

Calc.Av 

v i 

2983.0 (I 



Vj(Z) 

1477.1 _L 

5-6 

5.2 


2206.26 II 

7.714 


V 8 a6(2) 

3031.0 J_ 


2.3 

V 4 . 

1306.8 II 

7.7 



116 >£ JL 

3.8—4.5 

8.3 

2 v 3 

2923 | 

i 




Table XLII. Infrared spectrum of CH 8 D 


9 M. Johnston ft D.. M. Dennison, Phys. Rev. 47, 94, (1936). 
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Table XLII gives the results of Ginsberg and Barker. The 2983, 
3031 and 2923 cm -1 bands are not resolved into rotational lines on ac¬ 
count of the overlapping with one another. The band at 2205 cm -1 is 
however completely resolved and from the spacing Av=7.714 cm -1 , it is 
possible to obtain the moment of inertia J A 

I a = 7.166 x 10 -40 g.cm s (128a) 

and on the assumption of a regular tetrahedral model, 

Ic = 5.298 x lO-^g.cm*, r (C —H) = 1.093 A. (128b) 

With these dimensions and the constants in (126), Johnston and 
Dennison obtained for the internal angular momenta for the 3 degenerate 
vibrations 


la =— 0.25, g, o6 = 0.03, £ 4 a& = 0.59. (129) 

The spacings calculated according to Table IV of Chap. IV are given in 
Table XLII. It is seen that the agreement with the observed values is 
satisfactory in the case of the 1477 and 1156 cm -1 bands. 

The results of Nielsen’s on CD 4 are given in Table XLIII. From 
the spacings in the v 3 and v 4 bands and Table IV, one obtains 

I = 10.44 x lO*' 4 '’ g.cm*. (130) 

From (98) and Table IV of Chap. IV, one obtains % #=0.1465 and 
1<=0.3535 add the spacing for the vj+v 4 band. Nielsen and Nielsen 
suggested that the poor agreement between the calculated and the ob¬ 
served for the 2992.8 cm -1 band may be due to its being the 3000 cm -1 
band of CHD 3 . Further work on the harmonic and combination bands 
of the molecule is desirable. 


Assignment 

Obs. v 

ObsAv 

CalcAv 

Vl 

2085 Ra. 




v 2 (2) 

? 




v 3 (3) 

2?t9 


4.63 

* 

V 4 (3) 

995.80 


3.42 

* 

Vl+V 4 ? 

29)2.8 


7.11 

3.42 

Vj+v 4 

3103.7 


6.01 

6.62 


Table XLIII. Infrared spectrum of CD 4 
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Finally, it is worth noticing that in the Raman spectra of the 
deutero-methanes, quite a number of harmonic frequencies appear (see 
Table XLI, and also the 3072 cm -1 line in CH 4 in Table XL). Some 
of these appear probably as the result of the resonance interaction be¬ 
tween one intense fundamental and a harmonic of a second fundamental, 
similar to the situation in C0 2 and CS 2 discussed in Chap. Ill, §4, B. 
The non-appearance of the active fundamental v 2 in CH 4 and CD 2 may 
be due to the smallness of the change of the polarizability, and hence 
the induced electric moment, in these vibrations. 

2) SiH 4 


The infrared spectrum of silane SiH 4 has been studied by Steward 
and Nielsen, 1 and the Raman spectrum by Stitt and Yost. 2 * * The observed 
bands and their assignments are given in Table XLIV. 


Assignment 

Obs. v 

ObsAv 

Calc.Av 

vj 

2187 Ra. 



v z(2) 

978 Ra. 



v 3 (S) 

2183 

5.65 

* 

V 4 ( 3 ) 

919 

3J> 

♦ 

V2+V4 

1900 1 


3.5 

va-v 4 

1200 j 



? 

1080 



VS+V4 

3095 

9.7 

7.7 

V2+V3 

3153 

4.7 

5.65 

2v 3 

43G0 


3J> 


Table XLIV. Vibrational spectrum of SiH 4 


From the observed spacings in the v 8 and v 4 bands and by means 
of Table IV, Chap. IV, one obtains the following dimensions 

7 = 8.9X lor^g.cm*, r (Si— H) = 1.54 A , r (H—H) = 2.31 A. (131) 

These values must be regarded as approximate since the value of 7 is 
quite sensitive to the spacings Av 8 and Av 4 . Comparison of the Si— H 
distance with the value 1.53 A for the normal electronic state of the 
diatomic molecule SiH (frequency=2012 cm -1 ) shows, however, that the 
values in (131) are probably correct in their order of magnitude. 8 

1 W. B. Steward & H. H. Nielsen, Phys. Rev. 47, 828, (1935). 

2 F. B. Stitt & D. M. Yost, Jour. Chem. Phys. 4, 82, (1936). 

8 Cf. H. Sponer, Molekulspektren I, P. 26, (1935); G. D. Rochester, Zeits. 

f. Phyaik 101, 796, (1936), gave r 0 =1.51A, <o =2080 cm- 1 . 
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By means of (87), Chap. IV, one obtains 58=0.08, £*=0.42. From 
(126), one obtains 8a=0.21 and §4=0.53 and hence the following values 
for the constants in (108), 4 

A = 4.15, £ = 0.262, C = 0.0875, D = 1.1G, £ = 0.186. (132) 

From (114), the constants in the valence plus central force potential 
(111) can be calculated, 

ks iH = 2.90, k a = 0.22, k H n = 0.015, fc 2 = 0.084, (133) 

S') GeH 4 

The infrared spectrum of GeH 4 has been studied by Steward and 
Nielsen, 1 but no Raman data seem to have been reported. The observed 
bands and their assignments are given in Table XLV. 



- r 

Assignment 

Obs. v 


Obs. Av 


Vl 

(1988.7) 




V 2 (2) 

( 820 ) 




v 3 (3) 

2110.1 


5.56 


v 4 (3) 

984 


6 uncertain 


2 v 4 ? 

1666 




v 2 -fv 4 l 

1754 




Vi-fV 4 

2922.7 




V 3 +V 4 

8081.0 


6.2 


2v a 

! 

4250 




Table XLV. Infrared spectrum of GeH 4 


The values for v 4 and v 2 are the assumed values to account for 
the other bands. Because of the uncertainties in the frequencies vi and 
v 2 , and especially in the spacing Av in the fundamental v 4 , it seems pre¬ 
mature to attempt any calculation of the dimensions and the potential 


4 Here the positive value of the constant D has been used by analogy with 
the case of CH 4 . Application of the relations (119) shows that the simple valence 
force potential is a good approximation, the two sides of both equations differing 
by 6-7 %. 

i W. B. Steward & T l. H. Nielsen, Phys. Rev. 47, 792; 48, 861, (1935). 
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function of the molecule. 2 The complexity of the v 4 band is undoubtedly 
due to the Coriolis interaction between v 4 and vs as suggested by Jahn 
and Childs.® 


4) CF 4 , 5) SiF 4 

The Raman spectra of these molecules have been studied by Yost, 
Lassettre and Gross 1 and the infrared spectra more recently by Bailey, 
Hale and Thompson. 2 The observed frequencies and their assignments 
are summarized in Table XLVI. 


Assignment 

Obs.v 

CF 4 

Calc.v 

Obs.v 

SiF 4 

Calc.v 

Vj , 

904 

Ra. 

* 

800 

Ra. 

* 

V 2 (2) 

437 

Ra. 

* 

(268) 


4r 

v$(3) 

1265 


* 

1022 


* 

v 4 (3) 

630 

(635 Ra.) 

* 

(463) 


* 

Vj+V 4 

1112 

S 

1067 

645 


680 

Vg-V 2 



828 

775 


762 

2v 4 

1250 


1262 

838 

m 

840 

2v 2 +v 4 

1516 


1504 

912 


940 

Vi+V 4 

1553 

m 

1534 

1202 

S 

1220 

V 2 +V 8 

J690 


1702 

1287 

m 

1282 

V3+V4 

1904 


1895 

1447 


1442 

Vi + Vg 

2179 


2169 

1822 

ra 

1822 

2vg 

2541 


2530 

2051 

m 

2044 

v,+2vg 



2967 

2332 

m 

2304 


906 

impurity ? 






Table XLVI. Vibrational spectra of CF 4 and SiF 4 . 

Infrared bands marked s are strong, m medium, and those unmarked 

are weak. 


2 From the Ay's in the v g and v 4 bands, Steward and Nielsen obtained the 
following dimensions for the molecule: 

/=7.0xl0-*<> g.cm 2 , r(Ge —H) =1.27A, r(H-H)=2.06A 

(The value given for r(Ge—H), namely, 1.37A, seems to be a misprint). But the 
low values of I and r(Ge—H) seem unreasonable on comparison with the correspond¬ 
ing values in CH 4 and SiH 4 . This is to be traced to the uncertainty in the value 
of Av 4 . Assuming their calculation to be correct, then one finds 
A=4.83, £=0.23, C=0.10, f>=±0.70, £=0.146 

*G«H=3-12, fc o =0.84, k HH = -0.195, ^=0.042. 

® H. A. Jahn & W. H. J. Childs, Nature 141, 916, (1938). 

1 D. M. Yost, E. N. Lassettre & S. T. Gross, Jour. Chem. Phys. 4, 325, (1936). 

2 Bailey, Hale, Thompson, Proc. Roy. Soc. A 167, 655, (1938); also Eucken 
ft Bertram, Zeits. f. phya. Chem. B 31, 361, (1936). 
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The fundamental v 2 of SiF 4 has not been observed in the Raman 
spectrum, and v 4 lies outside the range covered in the work of Bailey, 
et al. The values in the table are the estimated values so as to give 
a satisfactory assignment to the other infrared bands. 

For the potential of these molecules, application of the relations 
(119) shows that the simple valence force potential is entirely inade¬ 
quate. These authors show that a central force potential gives better 
results, but the potential (120) of Urey and Bradley is most satisfactory. 
The values of the constants in (117) and (122) that give the best fit 
with the observed frequencies in Table XLVI are shown in Table XLVII. 



Central force 


I 

Urey-Bradley potential 


cf 4 

SiF 4 

cf 4 

SiF 4 

^Y-F 

8.08 ! 

4.95 

^Y-f j 3.99 

5.60 

^FF 

1.51 

0.55 

kyy ! 0.67 

0.57 

1C2 

' -0.51 

i 

-0.84 

k' | 0.73 

0.25 


Table XLVII. Potential constants of CF 4 and SiFf 


The C—F and Si —F distances in these molecules are known from 
electron diffraction measurements, 4 

r (C—F) = 1.3G A r (Si —F) = 1.54A 

That these distances are smaller than the values calculated from the 
sums of the radii of the respective atoms according to Pauling, 5 viz., 
r(C—F)=1.41 A, r(Si—F)=1.81 A, was suggested by Pauling 6 et al as 
indicating some possible double bond contributions from resonance with 
such structure as 


:F 


:F 


• • • • —• 

C + :F: 

• 9 * • 

F : 


8 The constants in the potential (111) are given in Table XLVIII. 

4 Cf. L. 0. Brockway, Rev. Mod. Phys. 8, 231, (1936). 

6 L. Pauling & Brockway, Jour. Am. Chem. Soc. 59, 1223, (1937). 

6 L. Pauling, quoted by H. O. Jenkins & L. 0. Brockway, Jour. Am. Chem. Soc. 
58, 2036, (1936). 
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Any conclusion, however, must depend for its validity on the accuracy 
of the electron diffraction data. 7 

6) CC1 4 , 7) SiCl 4 , 8) TiCl 4 , 9) SnCl 4 , 10) CBr 4 , 11) SiBr 4 , 12) 
GeBr 4 , 13) SnBr 4 , 14) S0 4 , 15) P0 4 , 16) C10 4 , 17) I0 4 , 18) W0 4 

The Raman spectra of these molecules and ions have been studied 
by a number of authors. 1 The observed frequencies are summarized in 
Table XLVIII. 



Vj 

v 2 

V 3 

( 

v 4 

ky-x 


^XX 

k 2 

cf 4 

904 

437 

1265 

630 

5.40 

0.41 

0.63 

- 0.023 

SiF 4 

800 

(260) 

1022 

(420) 

6.50 

0.03 

0.42 

-0.24 

CC1 4 

460 

0.05 

214 

0.83 

790 

0 .S 6 

SII 

0.79 

1.89 

0.07 

0.63 

-0.09 

SiCl 4 

422 

0.05 

149 

0.86 

608 

0.86 

220 

0.86 

2.57 

0.04 

0.28 

-0.06 

TiCl 4 

386 

0.05 

119 

0.86 

491 

0.86 

139 

0 . 8 G 

2.41 

0.04 

0.16 

- 0.022 

SnCl 4 

367 

0.05 

104 

0.86 

401 

0.65 

136 

0.86 

2.29 

i 

0.02 

0.12 

-0.035 

CBr 4 

265 

125 

667 

183 

1.38 

0.06 

0.48 

-OX-8 

SiBr 4 

249 

90 

487 

137 

1.74 

0 

0.24 

-0.097 

GeBr 4 

234 

78 

328 

111 





3nBr 4 

220 

64 

279 

88 

1.85 

0.02 

0.11 

- 0.022 

SO 7 

9S0 

451 

1113 

620 

0.05 

0.28 

0.755 

-0.33 

po- 

4 

989 

858 

1061 

518 

5.62 

0.03 

0.89 

-0.224 

CIO 4 

935 

467 

1121 

634 

j 6.24 

1.51 

0.50 

-0.426 

1 ^ 
O 

>—1 

800 


841 

702 





wo 4 

| 880 

216 

932 

356 

7.35 

- 0.01 

-0.027 

-0.486 


Table XLYIII. Fundamental frequencies and potential constants 

of tetrahedral molecules and ions. 


7 Bailey, Hale & Thompson, loc. cit. These authors also calculated the bond 
distances from the bond constants by means of the Badger relation. In polyatomic 
molecules, such calculations are subject to this serious uncertainty, namely, there is 
always some ambiguity inherent fin the bond constant since its value depends 
on the form of the potential chosen, as seen in Tables XLVII, and XLVIII. No 
such ambiguity arises in the case of diatomic molecules. 

1 Cf. Kohlrausch, Der Smekal-Raman Effekt , P. 215 and P. 218; polarization 
data from Cabannes & Rousset, Ann. de Physique 19, 229, (1933); GeBr 4 from 
Tchakirian and Volkringer, C. R. 200, 1758, (1935). 
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From the four fundamental frequencies in each of the molecules 
and ions in Table XLVIII, it is possible to calculate the constants in 
the potential (111). These constants are given in the last four columns 
in the table . 2 It may be emphasized that none of these molecules and 
ions can be satisfactorily represented by the simple valence force 
potential. 

The Raman spectrum of CC1 4 has been studied in detail by 
Langseth 8 who found that the vi=458 cm -1 line has a fine structure 
showing 3 components separated by 3.1 and 3.2 cm -1 , the vs=217. line 
is a doublet with a spacing of 2.2 cm -1 , the V 3 line is a doublet with one 
component at 762 and one at 790 cm -1 , each component being unresolved, 
and the v 4 =311 line is also a doublet with a spacing of 2.9 cm -1 . The 
explanation of the 2 lines at 762 and 790 is that they arise from the 
resonance interaction between v 3 and v 4 +v 4 . Langseth suggested that 
the fine structure in the other lines is in part due to the Cl isotope 
effect, namely, to the molecules CC)“ CClfCl” CClfClf, CCl* & Clf, 
CO” which are present in the ratio 31.6:42.2:21.1:4.7:0.4 accord¬ 
ing to the abundance ratio of the two Cl isotopes. The last 2 species 
of molecules are relatively rare so that their Raman lines are probably 
too weak to be observed. On the basis of a rough calculation of the 
isotope shifts for the first 3 species, Langseth found that they do not 
agree with the observed shifts and suggested that the fine structure in 
the Vi and v 4 lines may be due to a deviation of the molecule from 
tetrahedral symmetry. More recently, from the equations of Rosenthal 
for the isotope shifts in YX 4 molecules,® Wu and Sutherland 4 have shown 
that the observed fine structure of all the Raman lines is compatible 
with the assumption that it is entirely of isotopic origin. It is not yet 
possible, however, to decide the form of the potential, i.e., whether the 
potential is that of Rosenthal or that of Urey and Bradley, from the 
present data. For this purpose, it is necessary to re-examine the Raman 
lines under high resolving power and high dispersion. 

2 Prom (116), one obtains 2 values for the constant D , and for each value a 
set of values of A and B is obtained. Of the 4 sets of constants, the one leading 
to what is considered reasonable values is given in the table. See Rosenthal, Phys. 
Rev. 46, 730, (1934). 

8 A. Langseth, Zeits. f. Physik 72, 350, (1931). 

* C. K. Wu & G. 3, B. M. Sutherland, Jour. Chem. Phys. 6, 114, (1938). 

5 The potential is the most general ope consistent with the tetrahedral 
symmetry of the molecule. See (108) and references given there. To determine 
the 6 potential constants from only 4 frequencies, recourse is made to the relations 
between these constants and those in the molecule ZYX 8 such as CHC1 3 , obtained 
by H. H. Voge and J. E. Rosenthal, Jour. Chcm. Phys. 4, 137, (1936). 
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C) Axially Symmetrical ZYX S Molecules 

When one of the X atoms in a tetrahedrally symmetrical molecule 
YX 4 is replaced by a different atom Z (or by an isotope of X), the 
symmetry class of the molecule becomes C 3 „, the elements of symmetry 
being a 3-fold axis of symmetry and 3 planes of symmetry containing 
it. There are 3 vibrations which are symmetrical with respect to the 
axis and are called the parallel vibrations. There are 3 vibrations which 
involve motions of the Y and Z atoms in directions perpendicular to 
the symmetry axis. Each of these perpendicular vibrations is doubly 
degenerate since the motions of the Y and Z atoms are isotropic in 
these directions. The nature of these vibrations and the order of 
magnitude of their frequencies can be roughly described and estimated 
as follows: If the interaction between the Z and the X atoms is small 
compared with their interactions with the Y atom, then one of the 3 
parallel vibrations is approximately the valence vibration vi in the YX 8 
group, one the deformation vibration v 3 in the YX 3 group, and one the 
Y—Z vibration. Of the 3 perpendicular vibrations, one is the valence 
vibration v 2 in the YX 3 group, one the deformation vibration v* in YX 3 , 
and the last a vibration of the Y atom with respect to the rest of the 
molecule perpendicular to the symmetry axis. They are shown in Fig. 
82. (see Fig. 26 for the vibrations of YX 3 ). 




Fig. 82. Normal, vibrations of axially symmetrical ZYX a molecules 
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The selection rules for the fundamental vibrations are as follows: 
The parallel vibrations gives rise to vibration-rotational bands of the 
parallel type discussed in §2, Chap. IV, and their Raman lines are po¬ 
larized (p<6/7). The perpendicular vibrations give rise to the perpen¬ 
dicular type bands and their Raman lines are depolarized (q= 6/7). 

The problem of the normal vibrations of a ZYX 3 molecule has 
been treated by a number of authors. Rosenthal and Voge showed that 
the most general potential function demanded by the symmetry of the 
molecule contains 12 constants, 6 for that part of the potential for the 
parallel and 6 for the perpendicular vibrations. 1 2 While such a potential 
is free from simplifying assumptions, it has the disadvantage that the 
12 constants in general cannot be uniquely determined from the observed 
frequencies. These authors have shown, however, that certain of the 
constants remain practically unchanged in passing from the molecule 
ZYXg, to TYX S or YX 4 , and certain relations can be obtained connecting 
the potential constants in the different molecules possessing certain 
identical groups. We shall rather refer to their papers for these some¬ 
what lengthy expressions. 

For practical purpose, potential functions which contain a fewer 
number of constants and hence are less general have been proposed. 
The treatment of the parallel vibrations is particularly simple. One 
simple potential is the following 

2~V = a x* + b q 3 + c xl + 2d q x + 2c x x 0 , * (134) 

where x 0 is the change in the Z—Y distance, x the change in the distance 
from the Y atom to the c. g. of the X atoms, and q the displacement of 
each X atoms perpendicular to the symmetry axis. The determinantal 
equation gives 


XX+X3+X5 


M+Zm , 
3 mM 


b 
3 m 


m+m, 

MM 



Aita4-tata+tata = 


flf4-Af t 4-3m 
SmMMi 


( ac—e *) 4 


M+M t , M+Zm 
ZmMMi + 9 m*M 


(ab—cP), 




(135) 


1 J. E. Rosenthal & H. H. Voge, Jour. Chem. Phys. 4, 134, (1936); Voge 4b 
Rosenthal, ibid., 4, 137, (1936). 

2 G. B. B. M. Sutherland & D. M. Dennison, Proc. Roy. Soc. A 148, 250, 

(1935), introduced the pctential (134) with e=0. The interaction between the Z 
and the X atoms is then completely neglected. 



Penatomic Molecules 


237 


where Mi, M, m are the masses of the Z, Y, X atoms respectively. 

Another potential that proves useful (for the methyl halides in 
particular) is the modified valence potential 

2V = 3fc (8r) 4 + (8r) 4 +3/ife (r8o) 2 4- 3Ar«j> (s8qp) 2 +6fc« (s8qp) 8r„ (136) 

where 8r, 8 r x are the changes in the Y—X and the Z—Y bond distances 

respectively, and e, qp the changes in the bond angles XYX and ZYX 
respectively. The angles e and qp are not independent. It can be shown 
that (136) can be put in the form® 

2V = 3 k (8r) 4 + k l (br i y + 3 k a (s8qp) 4 + 6 k t (s8tp) 8r 1( (136a) 


where 


k a s' = kys* + her 4 v (137) 

(1 + 3 cos 4 qp) 

The kinetic energy for the parallel vibrations is 

2 TS =3TO(M 1 +Af+3w sin 4 qp) f i +3vi(M 1 +M + 3m cos 2 qp)r 2 q> 4 +M,(M+3m)t‘ 1 4 
- 18 m 2 cos qp sin <p r r cp +6 mM v (r cos qp + r qp sin qp) f x 
where S—M+Mi+Sm. The determinantal equation gives 

l ' +),+ (s + » CM ' f ) 4 + (s + a ain,,r Mf)’ 

+- M ~' + ^wr^ tk <} k - s**™ »**♦(?) 




m i MM 1 


(138) 


» Recently in an abstract, Z- I. Slawsky & D. M. Dennison, Pbys. Rev. 63, 
930, (1938), proposed such a potential, but their results do not seem to have ap¬ 
peared in full. The equations for the doubly degenerate frequencies are more com¬ 
plicated. They have recently been given by J. Wagner, Zeits. f. phys. Chem. B 40, 
86, (1988). 
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For bands involving the harmonics or combinations of the per¬ 
pendicular fundamentals, the same remark concerning the splitting of 
the band into a number of component bands given in the discussion 
on NH S holds here, (see footnote 10 in §2, B, .2). 

1) CH 3 F, 2) CH 8 C1, 3) CH 8 Br, 4) CH 3 I 

The infrared spectra of the methyl halides have been studied by 
Bennett and Meyer, 1 Nielsen and Barker 2 * and Plyler. 8 The Raman 
spectra have also been studied by a number of Workers. 4 * The experi¬ 
mental data are summarized in Table IL. 



ch 8 f 

Infra. Raman 

CHsCl 

Infra. Raman 

CH 8 Br 

Infra. Raman 

ch 8 i 

Infra. Raman 

Vi 

| 2862 II 

f 2879 || 

2816 

( 2801 || 


f 2855 || 

2889 

2v 4 

i 2965 II 

l 2967 II 

2955 

c ( 2973 || 

2956 

( 2971 II 

2947 




(0.06) 


(0.10) 


(0.06) 

v<(2) 

2987_L 

3047 J_ 

3024 

3061JL 

3050 

3074 X 

3046 


7.5 

8.2 

(0.80) 

9.0 

(0.86) 

9.0 

(0.86) 

Vj 

1470 il 1462 

1365 II 

1357 

1306 || 

1290 

1252 II 

1239 




P 


P 


P 

v 4 (2) 

1476.L 

1460X 

1450 

1450j_ 

1420 

1445 X 

1416 


11J) 

12 

d 

11.9 

d 

11.8 

d 

V5 

1049 II 

732 II 

712 

610 11 

594 

632 II 

522 




(0.16) , 


(0.20) 


(0.25) 

ve(2) 

1200J, 

1020 J. 

1098 

957 X 


886 X 



5.65 

6.95 

P 

7.42 


7.70 



Table IL. Infrared & Raman spectra of methyl halides. 
Numbers in parentheses are the degrees of depolarization accord¬ 
ing to Cabannes and Rousset,* and the numbers under the infrared fre¬ 
quencies are the separations of the Q branches according to Bennett & 
Meyer. 


It is seen that the frequencies v i( v 3 , v», v 4 change only a little in 
passing from CH 3 F to CH S I, but v 4 and v« decrease regularly down the 

1 W. H. Bennett & C. F. Meyer, Phys. Rev. 32, 888, (1928). 

» A. H. Nielsen & E. F. Barker, ibid., 46, 970, (1934), CH„C1. 

8 E. F. Barker & E. K. Plyler, Jour. Chem. Phys. 3, 367, (1936), low fre¬ 
quency fundamentals of CH 3 Br and CH 3 I. 

4 Cf. Kohlrausch, Der Smekal-Raman Effekt; polarization measurements from 

J. Cabannes & A. Rousset, Ann. de Physique 19, 229, (1933). 
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series of molecules, in accordance with the approximate considerations 
given at the beginning of this section. 

From the observed spacings in the 3 _L bands of each moleculd 
in Table IL and by means of (98) and Table IV of Chap. IV, it is pos¬ 
sible to calculate 4 of the quantities £«• /*> r c if one of ther* 

is known. Assuming that the methyl frroup CH S retains the bone length 
and tetrahedral angle of CH 4 in these molecules, and taking the electron 
diffraction data for the carbon halogen distances, 5 one can calculate the 
moment of inertia I a. Ic can then be calculated from Table IV as a 
check. The results of these calculation are given in Table L.® 



CHgF 

! 

! 

” ' 

CHgCl 

CHgBr 

j CHgl 

C — X in A 

1.42 


m m 

62.6 

1.91 

| 2.14 

I A in I0~*° 

34*2 

! 

86.3 

, 110 

l c from(86) 

6.47 


j 6.47 

5.42 

! 5.46 


0.102 


0.100 

0.054 

0.069 

U 

-0.294 


-0.276 

-0.235 

i -0.222 


0.285 


0.223 

0.210 

! 0.188 


Table L. Molecular constants of methyl halides 


5 The electron diffraction data are from the following sources: CH 3 F, L. O. 
Brockway, Jour. Phys. Chem. 41, 185, (1937) ; CH 3 C1, Brockway, Rev. Mod. Phys, 
8, 231, (1936) ; CH 3 Br, 0. Levy & Brockway, Jour. Am. Chem. Soc. 59, 1662, (1937) 

C —I from CI 4 , C. Finbak & O. Hassel, Zeits. f. phys. Chem. B 36, 301, (1937). 

6 Johnston and Dennison, Phys. Rev. 48, 868, (1935), calculated the I c by 
making use of the values of 1 A obtained by Gerhard & Dennison, Phys. Rev. 43, 
197, (1933), from the separations between the intensity maxima in the P and R 
branches of the parallel bands. The 1 A for CH 3 F was obtained from the rotational 
spacing Av =1.688 cm” 1 in the v 5 = 1049 parallel band measured by Bennett & Meyer 
and was given as 39.5 xlC~ 40 . The J A for the CH 3 F, CH 3 C1, CH 8 Br, CH 3 I molecules 
are 39.5, 61.5, 89, 99x10” 40 respectively. These lead to the value 5.61, 5.35, 5.43, 
5.44 for the I c in these molecules, and C —F = 1.54, C —Cl = 1.58, C-— Br = 1.96, C —1= 

2.01 A. 

From the spacing Av=1.688 cm" -1 in the band of CH 3 F, one should get 
for I A the value 32.8 XlO“ 40 instead of 39.5 x 10- 40 as given by Gerhard and 
Dennison. In fact, with =32.8x0“* 40 one obtains for the C — F distance the value 
1.39 A, in much better agreement with the electron diffraction value than the value 
1.54 A. 

G. Sutherland, Trans. Faraday Soc. 34, 202, (1938), gave the following values 
C—F=1.386, C—Cl=1.66, C-—Br=1.88, C —1=2.07 A as the “spectroscopic” values. 

i A. H. Nielsen and H. H. Nielsen, Phys. Rev. 56, 274, (1939), found the 
spacing Av for the 1355 cm- 1 band of CH 3 C1 to be 1.15 cm- 1 . From this, one ob¬ 
tains 1^=48.5X10— 40 , and C-C1=1.53 A. 
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In Table LI are given the results of Nielsen and Barker on CH 3 C1 * 
The assignments of the 2461, 4384, 4478 and 6050 cm -1 bands are sup¬ 
ported by the agreement between the observed spacings Av and those 
calculated according to (98) and Table IV of Chap. IV and the constants 
in Table L. On the other hand, it seems difficult to reconcile the observed 
spacings in the 4176, 5900 and 10000 cm" 1 bands with the calculated 
values, according to the assignments of Nielsen and Barker. It is possible 
that this is due to the complexity of these bands as the result of over¬ 
lappings by the component bands. Further work on these bands is 
desirable. 



1 Obs. 

v & 

Predicted 


Spacing 

Assignment 

banh type 

band type 

| obs. 

calc. 

v& 

732.3 

II 

It 



vs 

! 1010.9 

X 

X 

j 6.95 

♦ 

v « 

1353.3 

II 

II 

1 


V 4 

1459.6 

J_ 

X 

12J0 

* 

Vi 

j 2879 

II 

II ,X, II 



2v 4 

t 2967 

II 



V* 

3047.2 

X 

X 

8.2 

« 

V4+V# 

1 

2461.8 

X 

n,x, ii 

9.7 

8.74 

, 3981 

X 


12.5 

Vj+Vj 

J 4047.9 
( 4089.6 

11 

II 

11 ,X, II 

i 

> 


V * + {2V4 

f 4175.8 
( 4230.6 

X 

II 

ii.x.ii 

9.7 

3.7 

Vj+V 8 

4383.3 

X 

X 

8.4 

8.2 

v 2 +2v 6 

4478.5 

X 

X 

8.6 

8.2 

? i 

5400 

X 




Vl+Vl ! 

5900 

X 

II >X#X> 11 > H 

9.0 

3.7 

2v, 

6050 

11 ,x 

H >X 

12 

11.3 

3V1+V4 

10000 

X 

X 

6.7 

12 

? I 

1 

13800 

X 





Table LI. Infrared spectrum of CH 3 C1 


A feature observed in the perpendicular bands of the methyl 
halides is that every third Q branch is enhanced. This results from the 
statistical weights of the rotational states as a consequence of the nuclear 
spin J/2 of the hydrogen atom in the molecule. 7 

In addition to the bands in Tables IL and LI, Verleger and Naud6 8 
have observed two perpendicular bands, one weaker than the other, at 
about 9000 cm -1 in each of the methyl halides. The spacings between 
the Q branches are the same for the two bands in each molecule, and 


7 See D. M. Dennisoi., Rev. Mod. Phys, 3, 280, (1931). 
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are 7.6, 8.47, 9.35 and 9.61 cm- 1 in CH 3 F, CH 3 C1, CH 3 Br and CH 3 I res¬ 
pectively. They assigned these bands to 2v 2 +j2v 4 - The spacings 

calculated from Table IV of Chap. IV and the constants in Table L are 
12, 11.3, 11.1, and 11.7 cm - * 1 respectively. Hence it seems more reason¬ 
able to assign them to 2v 1 +v 2 and 3v 2 ; for the spacings in these cases are 
7.5, 8.2, 9.0 and 9.0 cm - ' 1 respectively, in better agreement with the ob¬ 
served values. 8 

The appearance of two bands at ca . 2860 and 2970 cm“ ] in both 
the absorption and the Raman spectra of the methyl halides has been 
explained as the result of a resonance interaction between the levels v* 
and 2v 4 , as discussed in § 4, B, Chap. III. Adel and Barker 9 have made 
a first-order perturbation calculation similar to that for the C0 2 
molecule. If the resonance discrepancy v x — 2v 4 be represented by A, 
and the coupling between the vibrations vj and v 4 by a term hb oq 2 in 
the potential, where 0 and q are the dimensionless coordinates appro¬ 
priate to the normal vibrations v 4 and v 4 respectively, then 



CHgF 

CH 3 C1 

CHgBr 

CHsI 

A = 

— 38 

4 

16 

26 

61 = 

66 

62 

78 

80 


The relative values of A and \b\ show that the resonance is quite close 
in these molecules. 

To obtain the potentials of the methyl halides, let us choose (136) 
and in a first approximation neglect the term fc 4 (s8<p)dri. 10 On as¬ 
suming that these molecules still retain the tetrahedral angle so that 
cos 2 q>=l/9, we obtain the following values: 

* H. Verleger, Zeits. f. Physik 98, 342, (1935) ; CH 3 C1, CH 3 Br and CH 3 I; S. 
M. Naude & V-erleger, Phys. Zeits. 38, 919,* (1937), CH 3 F. Another reason for our 
assigning these bands to 2v 1 -j- y 2 and 3v 2 instead of to 2 V 2 +V 1 and 2v 2 -j-2v 4 is perhaps 
the following: If the bands are due to the resonating levels 2v 2 -fv 1 and 2v 2 + £v4 # 
one would expect them to have comparable intensities as in the 3000 cm'"’* region 
and to be separated by about the same distance, viz., ca. 100 cm"” 1 , as in the 3000 
cm*" 1 region. The observed intensities of the two bands are, howerver, quite different, 
and the separations between them are only 15 to 50 cm”" 1 in the four molecule. 

9 A. Adel & E. F. Barker, Jour. Chem. Phys. 2, 627, (1934). 

10 This is perhaps justified since one expects k 4 to be small and since the 
refinement obtained by including it is doubtful because the anharmonicity correc¬ 
tion for the frequencies (which is of the order of 5 % for the high frequency 
fundamental) is not known. See however Slawsky & Dennison, footnote (3). 
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j 

j 


^o*x 

k a (iV 
a \ r / 

V 2 

<P 

CH S F 

4.96 

6.1$ 

0.98 

0.61 

0.60 

ch 8 ci 

4.94 

3.46 

0.97 

0.61 

0.46 

CHgBr 

4.94 

2.82 

0.82 

0.61 

0.40 

ch 8 i I 

1 

4.96 

2.23 

0.77 

0.61 

0.34 


Table LIL Potential constants ot methyl halides. 

The last two columns in 1CT 11 dynes cm/radian, the others in 10 5 dynes/cm. 


The values of /f<pS 2 are obtained from k a (s/r) 2 by means of 
(137) and by giving the assumed value 0.50xlO 5 obtained in CH 4 to ke. 
Sutherland and Dennison 2 have calculated the constants in (134) with 
e — 0. The constant c which corresponds to k c x in (136) has the following 
values in the four molecules: 5.76, 3.44, 2.85, and 2.26. It is seen that 
these agree quite well with the values in Table LIII. 

5) CHCla, 5a) CDCI 3 , 6 ) CHBr 3 , 7) CHI 3 , 8 ) SiHCU, 9) OPCl 8 , 
10) CCI3F, 11) CClaBr, 12) CBr 3 Cl, 13) SiCl 3 Br 

The Raman spectra of these molecules are known. 1 The following 
table summarizes the observed frequencies and their assignments based 
on considerations of their order of magnitude, intensities and in a few 
cases the polarization characters. For the modes of the vibrations, 
reference is made to Fig. 32. 


1 CHC1 3 , CHBr s , SiHCl 3 from Kohlrausch, Der Smekal-Raman Effekt; CDC1 3 , 
R, W. Wood & D. H. Rank, Phys. Rev. 48, 63, (1935); OPCl 3 , J. Cabannes & A. 
Roussel, Ann. de Physique 19, 229, (1933) ; CC1 3 F, G. Glockler & G. R.' Leader, 
Jour. Chem. Fhys. 7, 278, (1939) ; CCl 3 Br, CBr 3 Cl, J. Lecomte, H. Volkringer & 
A. Tchakrian, C. R. 204, 1927, (1937); Jour, de Phys. et Rad. 9, 105, (1938); 
SiCl 3 Br, de Hemptinne, Wouters & Fayt, Bull. Sci. Acad. Roy. Belg. 19, 318, (1933) ; 
CHI 3 (infrared), Emschwiller & Lecomte, Jour, de Phys. et Rad. 8, 130, (1937); 
Barchewitz & Parodi, ibid. 10, 143, (1939); Polarization measurements from Cabannes & 
Rousset, loc . cit.; and L. Simons, Soc. Sci. Fenn. Comm. 6, 13, (1932). 
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1 

Vi II i 

v,x ! 

1 

j 

V* II 

i 

V4-L j 

I 

v 5 U 

VftJ. 

CHCls 

668.6 

I 

76J.2 j 

366.9 1 

262.0 

3018.9 

1215 

(0.06) 

( 0 . 86 ) ; 

( 0 . 20 ) 

( 0 .S 6 ) 

( 0 . 20 ) 

( 0 . 86 ) 

CDCl, 

660.8 

737.6 1 

366.5 

262.0 

2266 

908.3 

CHBrs 

539 

055 

222 1 

154 

3021 

1144 


(0.06) 

(0.53) 

(O.II) i 

(0.77) 

(0.24) 

( 0 . 86 ) 

CHIs 

4167 

676 


112 ? 


1053 

SillCls 

489 

587 ; 

250 

179 

2258 

799 

OPClg 

486 

681 

267 

193 

1290 

337 


(0.06) 

( 0 . 86 ) 

(0.64) 1 

(0.83) 

(0.4) 

(0.81) 

CCI 3 F 

535 

833 

349 

244 

1007 

397 

CClsBr 

418 

765 

289 

187 

710 

243 

CBr s Cl , 

326 

674 

210 

J39 

734 

266 

SiClsBr 

3 62 

410 

J83 

123 

325 

201 


Table LIII. Fundamental frequencies of ZYX :l molecules. 
Numbers in parentheses are the degrees of depolarization. 


In an approximate manner, one may regard the frequencies v Jf v 2 , 
v 3 , v 4 as determined to a great extent by the YX :{ group and the frequen¬ 
cies v 6 , v c , by the Z-Y group, although the strong coupling between the 
two “groups” will change the frequencies somewhat. This is rendered 
clear by a comparison of the frequencies vi, v 2 , vj, v 4 in CHCI 3 , CDCL, 
CCI 3 F, CCLBr. Further discussions of these assignments and their 
relations to such molecules as CH 3 C1, CCUBr., etc. will be given in the 
following section. 

For the potential functions of these molecules, the general potential 
of Rosenthal and Voge would have been the most desirable were it not 
for the large number of constants that can not be determined from the 
six frequencies. 2 The valence force potential can hardly be expected to 
be satisfactory for these molecules since an application of (119) to the 
data on CC1 4 , CBr 4 shows that the valence force potential cannot be em¬ 
ployed and it is very unlikely that it can be employed in the ZYX :t 
molecules containing the CC1 3 , CBr< { groups. For the chloroforms CHCL 
and CDCla, since there are altogether 6 parallel vibrations, the potential 
(134) with 5 constants can be used. Application of the third equation 
in (135) to these frequencies shows that the relation is not exactly satis¬ 
fied. This is due to the fact that the frequencies, especially the C-H and 
C-D frequencies, 'in Table LIII have not been corrected for anharmonicity, 
the correction being greater for the C —H than for the C — D frequencies. 


2 Voge <fe Rosenthal, Jour. Chem. Phys. 4, 137, (1936), CHC1 3 and CDC1 V 
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Hence we shall regard v 6 of CHCU as unknown and calculate it along 
with the potential constants in (134). The result is 

0 = 1.89, 6 = 19.5, c = 5.0, d=±3.12, e=-0.265, v 5 =3050 (139) 
Similar calculations cannot be carried out for the other molecules. 

D) Tetrahedral Z 2 YX 2 Molecules 

When 2 of the X atoms in a tetrahedral YX 4 molecule are replaced 
by 2 Z atoms (or 2 isotopes of X), the symmetry class of the resulting 
molecule becomes that of C 2 „, the elements of symmetry being a 2-fold 

axis bisecting the 2 angles XYX and ZYZ and two planes of symmetry 
one containing the YX 2 and the other the YZ 2 group. The symmetry 
properties and the selection rules for the normal vibrations are given 
in Table LIV, and the general forms of the vibrations are shown in 
Fig. 33. 


! 

Symmetry 


| No. of | 

Selection rules I 

class 

Z-X Z-Y 

z-axis 

vibr’s j 

Infrared 

Raman 


8 8 

8 

! 4 1 


P 

Bx 

8 a 

a 

2 


d 

Bt \ 

a s 

a 

2 

m y 

d 

At 

a a 

8 

1 

! 1 i 

inactive 

d 


Table LIV. Symmetry properties of normal vibrations 
of Z 2 YX 2 molecules & selection rules. 



Fig. 33. Normal vibrations of tetrahedral Z 2 YX 2 molecules. Single arrows represent displacements 
in the plane of paper; doubled arrows in a plane perpendicular to the plane of paper. 
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The normal vibrations of the Z 2 YX 2 molecule have not been treated 
mathemtically in the literature probably because of the large number 
of potential constants necessary in such a molecule. But the order of 
magnitude of the normal frequencies can be estimated on the following 
qualitative considerations of the nature of the normal vibrations and 
their relations to the normal vibrations of the molecules YX 4 , ZYX 3 , 
Z 3 YX and YZ 4 . Of the 4 totally symmetrical vibrations, one is roughly 
the valence vibration v x in the YX 2 group, one the same vibration vi in 
YZ«, one the deformation vibration v 2 in YX 2 , and one the same vibration 
v 2 in YZ 2 . Of the 2 vibrations in the symmetry class B u one is roughly 
the valence vibration v 8 in YX 2 , or more accurately, the vibration v 4 of 
the molecule (2Z)-YX 2 in Fig. 29. The other is then the vibration v 5 
of (2Z)-YX 2 . The two vibrations in the class B 2 are similarly the vibra¬ 
tions v 4 and vt> of the molecule (2X)-YZ 2 in Fig. 29. The vibration in 
the class A 2 is a torsional oscillation of the two groups YX 2 and YZ 2 
about the symmetry axis. These descriptions are also seen from Fig. 33. 

The following diagram gives the relations among the normal 
vibrations of the series of molecules YX 4 , ZYX 3 , Z 2 YX 2 , Z 3 YX and YZ 4 . 
In fact this diagram has already been employed in correlating the fre¬ 
quencies of the deutero-methanes in Table XLI. 


YX 4 Vj 

YX S Z Vl ( II ) 
YX,Z, A^s) 

[Vl] 

YXZ, vi( II ) 
YZ 4 V, 


v„(3) 

/\ 

/ 

v 2 (-L) 



v»( II ) 


Bi v,(a) B 2 v 2 (a) A^s) 

[Vgo V 8c ] [Vjj,] 



I 


v 2 (J_) v 3 ( II ) 

\ / 

\/ 

Vs(3) 


V 2 < 

: 

i 

:2) 

▼«(3) 

/\ 

/ \ 

v 4 (-L) 

v 6 ( II ) v 8 (X) 

/\ 

/ \ 

A 

A 2 5 


A j .s ) B , 5j(ft) B 2 6 8 l 

[V 2 a 

V»] 

[Vift] [v 4 « v 4o ] 

\ / 

\/ 

1 V 

v<(-L) 

1 

1 

v s ( II ) V»(J_) 

\ / 

\A 

v 2 (2) 

v 4 (3) (140) 


In the diagram, the notations for the vibrations are the conven¬ 
tional ones in the case of the YX 4 and YX 3 Z molecules. For YX 2 Z 2 , the 
notations suggested are meant to describe the symmetry and the appro¬ 
ximate nature of the vibrations. For comparison, are given in brackets 
the notations of Rosenthal which are less descriptive but show more 
clearly their relations with the vibrations of the YX 4 , YX 3 Z molecules. 1 


1 J. E. Rosenthal, Phys. Rev. 46, 730, (1934). 



246 


Empirical Results 


1) CH 2 C1 2 

The Raman spectrum and the infrared spectrum of this molecule 
have been studied by a number of authors 1 , 2 . The Raman spectrum 
consists of 9 lines of which 4 are polarized and 5 depolarized. That they 
are the fundamentals is consistent with the selection rules in Table LV. 
Recently Corin and Sutherland found in the absorption spectrum a band 
at 1266 cm" 1 which is by far more intense than the other bands but does 
not appear in the Raman spectrum. They assigned it to one of ^the 
fundamentals and explained the Raman line 1149 cm -1 as the difference 
frequency 1425-284. This has, however, the difficulty that the 1149 
line appears with an intensity comparable with that of the 1425 line. 
On considerations of the polarization characters of the lines and their 
relation with the fundamentals of CH 3 C1 and CHC1 3 according to tne 
diagram (140), we give an assignment of the fundamentals and the 
observed infrared bands in Table LV. Corin and Sutherland's classi¬ 
fication is also given for comparison. 3 * Since the anharmonicity coeffi¬ 
cients are not known, it is not possible to decide on one classification in 
preference to the other by comparing the observed and the calculated 
frequencies in the two cases. An examination of the infrared bands 
with high resolving power so as to obtain the band envelopes is desirable 
since the eight infrared active fundamentals should have different struc¬ 
tures, namely, the A, B, C type bands of an asymmetrical rotator. 

1 Raman spectrum: J. Cabannes & A. - Rousset, Ann. de Physique 19, 229, 
(1933),; R. Trumpy, Zeits. f. Physik 88, 226, (1934); the polarization data of these 
authors agree (the 1425 cm -1 line is shown to be depolarized by Trumpy). Also 
Kohlrausch, Zeits. f. phys. Chem. B 29, 288, (1935). 

2 Infrared spectrum: C. Corin, Jour. Chim. Phys. 33, 448, (1936); J. Lecomte, 
C. R. 196, 1011, (1933) ; Emschwiller & Lecomte, Jour, de Phys. et Rad. 7, 130, 
(1937); Corin & Sutherland, Proc. Roy. Sot*. A 165, 43, (1938). 

3 Corin and Sutherland, loc. cit -, considered the 2985, 1425, 3046 as the Vj, v 2 , 
v 8 of CH 2 , 700, 284, 736 as the v 2 , v 3 of CC1 2 , and the frequencies 896, 1060, 

1266 as those of (H 2 ) — C—- (CL 2 ). They estimated the frequencies of v 2a ,v 4o ,v 4<J in 

(140) by first regarding the CH 2 CL> as a hypothetical molecule CH 2 H 2 5 and then 
as CClJ 5 Cl 2 • While undoubtedly such a calculation is very useful in estimating 
the general region in which these frequencies would be found, it doss not seem 
particularly helpful to discriminate between their assignments and those given 
in (141). Also the frequency for v 4a 0 f CH 2 H 2 should be ca. 852 cm- 1 instead 
of 1295 as given by them. 
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284 Inf. Ra( 0 . 2 o) (5) 
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v i(a) 
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82 (a) 
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18 f 82 (a) 

1425 Inf. Raf0.83) (3b) 


X 62 (a) 01 [ 6 

2985 Inf. Ra(O.OS') (IS) 
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v 2 (a) 

985 


6 i(s)+vi(s) 
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6 ,(s)+ 8 1 (a) 
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1266 s 

8 

vi(s)+ 26 i(s) 
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v ,(s)+36 1 (s) 

1582 w 

1 

v i(s)4* 61 (a) 

.16 1H 


vi(a)4* 61 (a) 
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261 (a); vi(a;+ 62 (s) 

1984 w 

6 +v,(a) 
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26i(a)4-6i(s) 
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vi(s)+ 6 2 (a ); 2 v 1 (s)+v J (a) 
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6 j(a)+ 6 2 (a) 
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6 + 6 ,(s)+ 8 ,(a) 

v,(a)-f 6 i(s)+ 6 2 (a) 

2525 

28 

6 2 (.a) 6 ;vi(a)-f 26 i(a) 

2674 

8 + 6 2 (a) 

v 1 (a)-f6i(a)-f6 2 (s;;36i(a) 

3425 w 


v 1 (a)+v 2 (s)~ 6 i(s) 

3701 ! 


v 1 (a)+v 2 (s) 

3937 


6 i(a)+v 2 (a) 

4237 

8+v 2 (s) 

36 2 (a) 

4464 


v 2 (a)+ 6 2 (a) 


Table LV. Vibrational spectrum of CH^CL 

In the assignment given in (141), the frequencies 284, 700, 736, 
2985, 3046 cm " 1 fall naturally into their places on ’considerations of both 
their polarization characters and their order of magnitude. The 1060 
cm - * 1 line, which is polarized according to Trumpy, must then be 62 (s)» 
and 1425 cmr 1 line which is depolarized must be either 6 or 82 (a)- 




248 


Empirical Results 


Assuming 5 = 1425 on consideration of the trend of the frequencies in 
passing from CC1 4 to CII 4 , we are then left with two frequencies 1149 
and 896 cm -1 and two vibrations 8 i(a) and 8 2 (a.). If these two Raman 
frequencies are fundamentals, then the reasonable assignment is 82 ( 0 .) = 
1149 and 81 (a) =896. 4 The rather large difference between the fre¬ 
quencies 1060, 1149 and those ordinarily ascribed to the deformation 
vibrations of the CH a group ( ca, 1400 cm -1 ) and also the difference 
between the frequencies 284 and 896 (which are ascribed to the deforma¬ 
tion vibrations of CC1 2 ) can be explained as the result of the coupling 
between the CH 2 and the CC1 2 groups. This shows that in molecules 
like this, it is not strictly correct to speak of the “deformation vibrations” 
in the CH 2 or the CC1 2 group on account of the close coupling of the 
motions of the various atoms in the molecule. 


2) CH 2 F 2 , 3) CH 2 Br 2 , 3a) CD 2 Br 2 , 4) CH 2 I 2 


The Raman and the infrared spectra of these molecules have been 
studied by a number of authors 1 " 3 . The observed frequencies are sum¬ 
marized in Table LVI and their assignments in (142), (143) and (144) 
in accordance with the diagram (140). 


4 P. Barchewitz & M. Parodi, Jour, de Phys. et Rad. 10, 143, (1939), assigned 
an infrared frequency 500 cm” 1 to 6 2 (s), and the 1240 cm” 1 band of Emschwilier 
& Lecomte, loc. cit. (which is probably the 1266 cm” 1 band of Corin & Sutherland) 
to and 896 cm” 1 to 6. That the 500 cm” 1 band has no corresponding Raman 

line is an objection to its being a totally symmetrical frequency. The value 1266 
cm” 1 is a little too high forfij(a), since one would expect the mean of6 2 (a) and 
ft 2 (a) to lie between the values 1020 cm” 1 in CH 3 C1 and 1215 cm” 1 in CHC1 3 . 

1 CH 2 F 2 , Raman spectrum by Glockler & Leader, Jour. Chem. Phys. 7, 382, 
(1939). 

2 CH 2 Br 2 , Raman spectrum: Trumpy, Zeits. f. Physik 90, 133, (1934); 

100, 250, (1936); Kohlrausch & Ypsilanti, Zeits. f. phys. Chem. B 29, 274, (1935); 
H. Gockel, ibid., B 29, 79, (1935); Cabannes & Rousset, Ann. de Physique 19, 229, 
(1933); Emschwiller & Lecomte, Jour, de Phys. et Rad. 8, 130, (1937). Infrared: 
R. Titeica, Ann. de Physique 1, 533, (1934); Emschwiller & Lecomte, loc. cit.; 
Barchewitz & Parodi, Jour. de. Phys. et Rad. 10, 143, (1939). 

3 CH 2 I 2 , Raman spectrum: Kohlrausch & Ypsilanti, loc. cit.; Emschwiller & 
Lecomte, loc. cit.; W. Bacher & J. Wagner, Zeits. f. phys. Chem. B 43, 0.91, (1939). 
Infrared: Titeica, loc. cit.; Emschwiller & Lecomte, loc. cit.; Barchewitz & Parodi, 
loc. cit. 
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Table LVI. Raman spectra of CH 2 F 2 , CH 2 Br 2 , CD 2 Br 2 , CH 2 I 2 . 
Frequencies marked with * have also been observed in absorption. 
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The assignment of the 6 Raman lines of CD 2 Br 2 is shown in Table 
LVI in which the corresponding frequencies in CH 2 Br 2 and CD 2 Br 2 are 
given in the same line. 

The assignments given in (142), (143) and (144) are guided 
mainly by considerations of the order of magnitude of the various fre¬ 
quencies, the trends in passing from CX 4 to CH 4 , and in passing from 
CH 2 F 2 to CH 2 I 2 . In the absence of polarization data, these can perhaps 
be regarded only as tentative. 4 

5) CC1 2 F 2 , 6) CCl 2 Br> 

The Raman spectrum of CC1 2 F 2 has been studied by Bradley 1 , and 
that of CCljBr 2 by Lecomte and his coworkers 2 who also examined the 
infrared spectrum of the molecule. In the absence of polarization data, 
we can only give the following tentative assignments in (145) and (146). 
Again we shall refer to the diagram (141) as a guide. 
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4 The assignments given here again differ somewhat from those of Barchewitz 
and Parodi, loc. cit. See footnote (4) in the preceding section on CFL,C1 2 . 

1 C. A. Bradley, Phys. Rev. 40, 908, (1932). 

2 J. Lecomte, H. Volkringer & A. Tchakrian, C. R. 204, 1929, (1937); Jour, 
de Phys. et Rad. 9, 105, (1938). 
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In CCI 2 F 2 , a line is found at 924 cm -1 , of intensity (2). Its 
frequency is too high for the missing fundamental in (145), but can be 
the combination frequency 664+260. 

7) S0 2 C1 2 

The Raman spectrum of this molecule was studied by Cabannes 
and Rousset 1 . From the degrees of depolarization, the following assign¬ 
ments can be made. 
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Table LVII. Vibrational spectrum of S0 2 C1 2 


E) TZYX 2 (symmetry C lv ) molecules 

The only molecule belonging to this group is the ketene OCCH 2 
molecule. The symmetry properties and the selection rules of the normal 
vibrations of this molecule are shown in Table LVI1I. 


Vibrations 

class Z-X Z-Y Z-axis 

Infrared Raman 

Vi v 3 v 8 v 4 

A 1 s s s 

STOz P 

V5 V 6 V7 

B 1 s a a 

iW x d 

v» v 9 

Bz a s a \ 

3Jij d 


Table LVIII. Normal vibrations of T—Z—YX 2 molecule 


The nature of the vibrations can be roughly described as follows: Of 
the 4 totally symmetrical vibrations, one is the symmetrical valence 
vibration v x in CH 2 , one the deformation vibration v 2 in CH 2 , one a 
valence vibration in C=C, and one a valence vibration in C=0. These 


1 J. Cabannes & A. Rousset, Ann. de Physique 19, 229, (1933). 
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will give the “A” type bands of an asymmetrical rotator. Of the 3 
planar antisymmetrical vibrations in the class B u one is the anti- 
symmetrical valence vibration v 3 in CH 2 , and the other two are roughly 
the perpendicular vibrations of the 4-particle system (H 2 )— C—C—O. 
The two vibrations in the class B 2 are also perpendicular vibrations of 
(H> 2 —C—C—O, but in directions perpendicular to the plane of the 
molecule. The bands in the classes B t and B> will be of the “B” and 
“C” types respectively. But by analogy with the formaldehyde OCH 2 
molecule, one would expect the anisotropy of the motion perpendicular 
to the symmetry axis to be small, and the frequencies of the two J? 2 
vibrations would not be very different from those of the last two J5i 
vibrations. The structure of the 5 vibrational bands in class B x and 
class B 2 will be that of the perpendicular bands of a linear molecule, 
since /a</i?~/c . 

The infrared spectrum of ketene has been studied by Gershinowitz 
and Wilson 1 and the Raman spectrum by Kopper. 2 11 absorption bands 
and 13 Raman lines are found; but as the infrared work has been report¬ 
ed only in a preliminary note and apparently done with instruments of 
low dispersion that did not permit a distinction between the parallel 
and the perpendicular type bands, and as no polarization measurements 
have been reported, it is not possible to give a definite assignment to the 
9 fundamentals. The observed data and their tentative interpretations 
are summarized in Table LIX. 


Assignment 

Infrared freq. 

Raman freq. 

B2 Vg 


510 ( lb) 

B i vi 


599 (%b) 



715 (%b) 



801 (%b) 

Bt v 8 

890 s 


B i v # 


998 ( 1 ) 

A\ v. 

11 X0 s 

1180 ( 6b) 


1186 ? 

1198 C 1 ) 


1326 w 


A i V* 

1360 w 

1344 ( 2 ) 


1400 s 

1386 ( 1 ) 


1935 S 

1895 ( % ) 

A\ vj 

2160 s 

2049 (ftb) 

A i vj 

2915 w 

2962 C 6 ) 

B i v 6 

8068 s 

3016 ( 4b) 


3J66 W 



Table LIX. Vibrational spectrum of ketene. 


1 H. Gershinowitz & E. B. Wilson, Jr., Jour. Chem. Phys. 5, 600, (1937). 

2 H. Kopper, Zeits. f. phys. Chem. B 34, 396, (1936). 
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A normal coordinate treatment of the 4 totally symmetrical 
vibrations has been made by Thompson and Linnett 3 with the following 
modified valence force potential 

2V = 2fc(dr) 2 -hk i (8r l )*+k z (dr 2 ) 2 + /ce(r5i) 2 -f- 2&<p(s8<p) 2 + 2k 1t (rbe)br l 
+ 2k 4 br x br 2 

where r, r u r 2 are the C —H, C—C, C —0 distances respectively, e and <p 
are the H—C —H and H—C-C bond angles respectively. The deter- 
minantal equation is somewhat lengthy, and the four frequencies do not 
suffice for the determination of the 7 potential constants (ot which Ice 
and Jc<p enter as the combination 2fre-f&(p ( s/r ) 2 ). On the assignments 
of these four frequencies as given in Table LIX and on certain assump¬ 
tions as to the invariance of certain potential constants in passing from 
C 2 H 4 , OCHo to ketene, Thompson and Linnett obtained the following 
values for the constants, 

k C H = 4.85, kcc = 9.8, k c0 = 12.3, k s = 0.4, 

2 ke + ky (si r) 2 = 0.96, k 4 = 0.5 x 10 & . 

However, until the two low frequency B x fundamentals are definitely 
assigned, we shall regard these values of the potential constants as 
tentative only. 

F) Molecules possessing no or low symmetries 

1) CHC1 2 F, 2) CHCl 2 Br, 3) CHBr s Cl, 4) CHBr 2 F 

The Raman spectrum of CHCLF was studied by Bradley, 1 that 
of CHBr 2 F by Glockler and Backmann, 2 and those of CHClsBr and 
CHBr 2 Cl by Emschwiller and Lecomte. 3 The assignment of the ob¬ 
served frequencies can be made on the following considerations: In 
these molecules, all the nine vibrations are distinct. They result from 
a splitting of the doubly degenerate vibrations in CHC1 3 and CHBr 3 
when one of the 3 Cl or Br atoms is replaced by a different halogen 
atom. For comparison, the frequencies of CHC1 3 and CHBr 3 are also 
given in Table LX. 

3 H. W. Thompson & J. W. Linnett, Jour. Chem. Soc. Lond. P. 1384, (1937). 

1 Bradley, C. A. Phys. Rev. 40, 908, (1932), assigned the 1215 and 366 cm-i 
lines of CHC1 3 to a perpendicular and a parallel fundamental respectively. This 
and his correlation of the frequencies of CHC1 3 and CHC1 2 F need some modification, 
as shown in Table LX, in view of the polarization data in Table LIII. 

2 G. Glockler & J. H. Backmann, Phys. Rev. 54, 970, (1938). 

3 G. Emschwiller & J. Lecomte, Jour, de Phys. et Rad. 8, 130, (1937). 
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CHCla 

CHCl 

,F 

CHCl 2 Br 

CHBr 2 Cl | 

j 

CHBr*F 

CHBrg 

668 

II 

7 23 

(9) 

610 

568 * 

010 (10) 

589 

II 

701 

_L 

780 

(4) 

760 

655 * 

701 

a) 

655 

J. 



? 


716 

! 

559 

(3) 



366 

11 

454 

(7) 

329 

(275) 

358 

(9) 

222 

11 

262 

_L 

274 

(7) 

218 

i 

171 

(9) 

154 

X 



.41 >6 

(4) 

? 

(201) j 

295 

(5) 



3019 

II 

8019 

(5) 

3017 

| 

3017 


3021 

II 

121/3 

-L 

1065 

(1) 

1105 

? l 

? 


1141 

± 



1307 

(3) 

1204 

1169 * 

? 





Table LX. Raman spectra of CHCLF, CHCl 2 Br, CHBr 2 Cl, CHBr 2 F 
Frequencies marked with * have been observed in absorption only. 


The slight increase in the frequencies of CHCLF relative to those 
of CHCl.i is due to both the greater force constant for the C—F than 
for the C —Cl bond and the smaller mass of the F atom. Similarly for 
CHBr 2 F frequencies relative to those of CHBr 3 . That the two frequen¬ 
cies of CHBr 2 F corresponding to the 1144 cm -1 of CHBr 3 have not been 
observed may be simply a question of intensity. Two lines at 93 and 
3059 cm -1 observed in CHBr 2 F remain unaccounted for, since there is 
no place for either such a low or such a high frequency fundamental. In 
the case of CHBr 2 Cl, only the infrared spectrum has been observed. 
The two frequencies 201 and 275 in parentheses are estimated from other 
weak absorption bands regarded as combinations of the fundamentals. 
Emschwiller and Lecomte assigned a weaker band at 737 cm -1 to one 
of the two frequencies corresponding to the 655 cm -1 of CHBr». It is 
seen however that this is a little too high on comparison with the corres¬ 
ponding frequencies in CHBr 2 F. An examination of the Raman spectrum 
will be desirable to complete the systematics of the spectra of the 
trihalogen methanes. 

5) HCOOH, 5a) HCOOD 

The Raman spectrum of formic acid HCOOH has been studied by 
a number of workers, 1 and the infrared spectra of HCOOH and HCOOD 
have recently been studied by Bonner and by Hofstadter at room and 

1 Of. Kohlrausch, Dev Svukal-Raman Effekt, P. 315; also P. Koteswaram, 
Zeits. f. Physik 112, 395, (1939). 
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at higher temperatures." It was found that in passing from the low to 
high temperatures, the intense bands at at. 3080 cnr 1 in HCOOII and 
co. 2347 cm" 1 in HCOOD disappeared and gave rise to two bands at 
3570 and 2940 cm" 1 in HCOOH and at 2667 and 2950 cnr' 1 in HCOOD 
respectively. The explanation is that the bands at 3080 cm” 1 in HCOOH 
and 2347 cm” 1 in HCOOD have their origin in the hydrogen and 
deuterium bonds in the respective dimers' 1 


O-H-0 

H-CC >C-H 

x O—H- o^ 


o- D- O x 

H-Cf 


\ 


O- - D— 0 


S' 


while the 3570 and 2667 cm" 1 bands are due to the O —H and (.) —D 
bonds respectively in the single molecules, and the bands at ca. 2950 cm" 1 
are due to the C — H bonds (the C-H band 2940 cm -1 in HCOOH is 
masked by the H— bond band at 3080 cm 1 in the dimer). 

In Table LXI, are summarized the infrared and Raman spectrum 
data and their interpretations. The Raman frequencies are for the 
dimers. As the infrared work was done with low dispersion and as it 
did not extend beyond 15.#, it is not possible to identify all the funda¬ 
mental frequencies of the molecules. 


Vi brat ion 

HCOOJI 

HCOOD 

( HCOOH )n 

(HCOOI)):; 


Inf. 

Inf. 

Inf. Ra. 

Inf. 

O — H 

3570 w 

2667 in 



C-H 

2040 m 

2050 m 

2051 

31KM» in 

0 - H - O 
O-D-O 



3080 x 

2 :; 17 x 





2105 ir 

C = 0 

17 tO s 

1764 x 

1740 s 1647 

1736 x 




1350 x 1302 

13SI m 




1205 x 1106 

1253 x 

C-0 

n >03 s 

1103 s 

1093 x I056 

II8J v 



1030 X 


1030 x 



OSO s- 

9 17 x 





793 


6(OCO) 

662 x 

667 

667 x <>75 

6 S3 )>' 



511 



Table LXI. Vibrational spectra of HCOOH and HCOOI) 


~ L. G. Bonner & R. Hofstadter, Jour. Cher.i. Phys. 6, 531, (1938); Hofstadter, 
ibid-, 6, 540, (1938). 

a See Chap. Ill, §5, B; L. Pauling and L. O. Brockway, Proc*. Nat. Acad. Sci. 
20, 336, (1934). 
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§4. Six-atomic Molecules 


A) Linear Molecule 


The only linear six-atomic molecule seems to be the diacetylene 


* 





Vs 





° 

U — 

v; 






° 


° 

° 

- O 











* 







K 




r— 






? 

f 

;T; 


* 



? 

_i 

? 




~ 9 ~ 


-4 


Fig. 34. Normal vibrations of diacetylene 
molecule 


C 4 H 2 molecule. That the Raman 
frequencies of this molecule have 
no corresponding infrared bands 
and vice versa shows that the 
molecule possesses a center of 
symmetry. A linear symmetrical 
m-M-M-M-M-m model has 5 pa¬ 
rallel vibrations of which 3 are 
totally symmetrical and 2 anti- 
symmetrical with respect to the 
center, and 4 doubly degenerate 
perpendicular vibrations of which 
2 are symmetrical and 2 anti- 
symmetrical with respect to the 
center. The general forms of the 
vibrations are shown in Fig. 34. 


The selection rules for the fundamentals are as follows: 


Vl, V,, Vg v 4) v 6 v 9 , v 7 v 8 , v 9 

Infrared inactive parallel perpendicular inactive 

Raman p inactive inactive d 

The selection rules for the harmonic and combination bands are similar 
to those for C 2 H 2 given in (82) of Chap. III. 

The normal vibrations of this molecule has been treated by Wu 
and Shen. 1 For the parallel vibrations, they employed the potential 

2V — k i x\+k t {x\+ xD + k^xl + x\) + 2 k i (x l x 2 + x 4 x 6 ) 


+ 2 k s (!c 2 * 8 + x s x 4 ), 


(148) 


1 T. Y. Wu & S. T. Shen, Chin. Jour. Phys. 2, 128, (1936). A few numerical 
errors and misprints are corrected here. 
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where x u x 2 , x 3 , x 4 , x r , are the changes in the m—M, M—M, M—M, M—M, 
M —m bond distances respectively. The determinantal equation gives for 
the 3 symmetrical vibrations 

+ X 2 + A 3 = m + + — k 4—, 

4-Aa^3-f-A 3 A 1 = — 2k'i) + ^ + m (&i—2^) k s 

+ (k 2 k s - k\) - 2k, (k t - k 5 ) ] , 

Xi X 2 h = m ^ 2 [*3 (fr, K ~ 2k%) — k l k \J , (149a) 

and for the 2 antisymmetrical vibrations 

^ + * 5 “ M [ k * + ks ~ k< ] ’ 

Uh = 2 Sr fc 3 - *;) • (1496) 

For the perpendicular vibrations, the potential employed is 


2V = kai (af+c4) + ka 2 (a!+ a|) + 2k ai (a l a 2 +a 3 a 4 ) + 2k a4 a 2 a 3 (150) 

where the a's are the changes in the angles between two successive 
bonds. The determinantal equation gives for the 2 symmetrical vibra¬ 
tions 


... 1 f to+M + (13 + y) s M t. 

A * +A# '” M{m + my- + M^) !_ a* ai 

+ 2 am-pM+ P(a-YKP + Y)^ (A . ai _ km) _4(ym-pM)^ 
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+ 1 +- (a - T) ’ , ' V <*« + ~2k a ,-k^ 




4(aY^-f pW) 
6 c 


(15la> 


* X 9 — 


ikT(m + ^y 2 + Afp 2 ) 


(i{“ 


+ P , 2(p+Y)j 2 t 4p(g- Y ) 


6"~' f c 


-f 


a6c 


[ “±- P -+ 2(P c +Y) ] + 4(af ^J Y)t ](*«i ~ k <n k «* ~ *«s). 


where a=2(l + . (5= ?-^~ c and a, 6, c are the 


normal bond distances H —C, C= C, C —C respectively. For the 2 anti- 
symmetrical vibrations, 


. , * _ M7U ka .i , 2 frcn 4 /f«2 — 2ka$-t- km , 2 /Ccrj — fcas 

Aci " A7 '" milf a* M " 6 2 ^Af ~ab 


2M "f W /fell “f* ^(Xl ^<X4 — 

wM 2 (a6) 2 


(151b) 


From the nine frequencies, the nine constants in the potentials (148) 
and (150). 

The infrared spectrum of C 4 H 2 was studied by Bartholom6 and 
Karweil, 2 and the Raman spectrum by Timm and Mecke. 3 The observed 
frequencies and their assignments are summarized in Table LXII. 


- E. Bartholom6, Zeits. f. phys. Chem. B 23, 152, (1932); Bartholome and J. 
Karweil, ibid., B 35, 442, (1937). 

3 B. Timm & R, Mecke, Zeits. f. Physik 94, 1, (1935). 
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Ob.s. 

V 

' Timm & Mecke 

i 

Wu &. Shen 

Bartholome & Karweil 

(:i:ir,o) 


! vj 

Vl 

vi 

2 is:; 

Ra. 

: V-j 

v« 

Vi* 

044 

Ra. 

Vs 

V3 

vs 

3350 

Inf. 

I V 4 

V 4 

Vl 

2024 

Inf. 

1 v 5 

v;> 

Vo 



(VH " 720 ) 

(V 7 -- 400) 

(v.i-720) 

23 Ow 

Ra. 

V 7 

V9 

v 4 -v 8 

4 1 1 w 

Ra. 

V 3 —V 7 

V 3 — V ' i 

V3+VK—V ; > 

4SS 

Ra. 

Vcj 

Vs 

v* 

090 

Inf. 

j 

V 7 -f ■ V i 

V 6 

709 

Inf. 

; v ( r-730 

V 6 

V7 

1235 

Inf. 

Vc-fV'i 

VG-f Vs 

Vfi+V S ,V7 +V3 

mo 

Inf. 

V 6 -fVs 

V7 + 2 VH 

Vg+Vi| ,V7 *f Vl, 

2950 w 

Inf,. 



V 2 *fV 6 

2930 w 

Inf. 



V 2 +V 7 

3030w 

Inf. 



V 2 + 2Vri 

3 I20w 

Inf. 

1 

V 1 — V<> 

V3+Vo-HV{j 

3550w 

Inf. 


v.j-f-v ♦ 

V;,-f 2 v 4 

3920 w 

Inf. 

I 

V 3 +V| 

v 3 +V 9 

0500 w 

Inf. 

1 Vi-fv 4 

Vl + V \ 

Vj-f-V .1 

S 950? 

Inf. 

! 

Vl + V2*pV , 

V 1 + V 2 +V., 


Table I,XII. Vibrational spectrum of C 4 Ho 


Consider first the parallel fundamentals. The symmetrical fre¬ 
quency vi has not been observed in the Raman spectrum, but is expected 
to lie in the neighborhood of 8350 cm -1 . The Raman frequency 644 cm”" 1 
appears a little too low for the symmetrical C —C vibration; but the ob¬ 
servation of Woo and Chu 1 on the ultraviolet bands of CJR at different 
temperatures shows that 644 cm" 1 is a fundamental frequency in the 
normal electronic state of the molecule. With the 5 parallel funda¬ 
mentals in Table LXII, the constants in (148) can be determined 
by means of (149). They are 


kc-c ~ 3..">s ? 
k 4 =. 0.71, 


l'c~c — 16.3, ken = o.95, 
A 5 = 0.71. 


(1 r>2) 


The C — C bond constant is considerably lower than the value ~5xl0 5 
usually associated with single bond C —C and may indicate a different 
electronic structure in the bond. Recently, from electron diffraction 
measurements Pauling and his coworkers 5 found the following values for 
the bond distances in C»H_. 


4 S. C. Woo & T. C. Chu, Jour. Chem. Phys. 5, 780, (1937). 

* L. Pauling, H. D. Springall & K. J. Palmer, Jour. Am. Chem. Soc. 61, 927, 
(1939). 
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r (C-C) = 1.36 dt .03 A, r (C = C) - 1.187 A, (153) 

The C—C bond distance indicates, according to Pauling’s relation between 
bond lengths and bond structure, some contributions from double bond 
C=C arising from resonance. But then the low value for the bond con¬ 
stant above seems difficult to understand. 

For the perpendicular fundamentals, the assignments are more 
difficult. Timm and Mecke based their assignments on the similarity 
between C 4 H 2 and C 2 N 2 , the two molecules being isoelectronic. The ob¬ 
jections are (i) that the assignment of the Raman line 230 cm*” 1 to the 
antisymmetrical vibration v 7 is at variance with the selection rules, and 
(u) that the assumed v 8 ~720 was not observed in the Raman spectrum. 
The assignments of Bartholome and Karweil are also based on a com¬ 
parison with the C 2 N 2 molecule, with Eucken-Bertram’s assignment for 
the deformation vibrations (see Table XXVI). The objections are that 
(i) the value v 4 ~740 for C 2 N 2 is probably incorrect, and ( ii ) their 
assignments lead to no real values for the potential constants in (150). 
The assignments suggested by Wu and Shen were aimed at removing the 
difficulty with the selection rules, the value v 7 ~460 cm” 1 being based 
on the identification of the infrared band at 690 cm” 1 with V 7 +v». They 
yield, however, no real values for the constants in the potential (150). 
With Timm and Mecke’s frequencies, equations (151) give 


kai — 2.8, — 3.2, 

kan = 0.54, k a4 - 0.24 X 1<T 12 . 


(154) 


While there is no check for these values, they seem to be of the correct 
order of magnitude, on consideration of the deformation constants in 
other molecules (C 2 N 2 , C 3 0 2 and the linear triatomic molecules in §1). 
For this reason, their assignments are to be preferred, although further 
investigation, especially on the Raman spectrum and polarization 
measurements, seem still desirable. 


B) Plane Symmetrical Y 2 X 4 Molecules 

A molecule of the ethylene C 2 H 4 type belongs to. the symmetry 
class Vh • It possesses 3 mutually perpendicular planes of symmetry. 
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The symmetry properties and the selection rules for the 12 normal vibra¬ 
tions are given in Table LXIII. 1 


—". . 

Symmetry 




Vibrations 

class X-Y 

Y-Z 

z-x 

Infrared Raman 

VtfS , 5jtS , V2jf3 

Au S 


S 

ina. 

P 

v*a , 8jca 

As a a 

s 

S 

a 

ina. 

Vers , 6 <js 

Bue a 

a 

s 

ina. 

d 

Vaa , Saa 

Bia S 

a 

s 

an. 

ina. 

bo's 

Bie a 

s 

a 

ina. 

d 

bo^a 

Bsa & 

s 

a 

an. 

ina. 

torsion(5) 

A. ja a 

a 

a 

| ina. 

! 

ina. 


Table LXIII. Normal vibrations of ethylene type molecules 
For the coordinate planes X — Y, Y—Z, Z—X, see Fig. 7 

The general forms of the normal vibrations are shown in Fig. 35. 
It is seen that the infrared active bands are of the A, B, C types of 
an asymmetrical rotator according as whether the change of the electric 
moment is along the axis of least, intermediate or greatest moment of 
inertia. 

The selection rules for the harmonic and combination bands can 
be obtained on the following considerations: The symmetry property of 
a combination or harmonic level is the product of the symmetry proper¬ 
ties of the fundamentals. From this, it immediately follows that no 
first harmonic of any fundamental is active in absorption. 

The normal vibrations of the Y 2 X 4 type molecule have been treated 
by a number of authors using different potential functions. For the 
5 vibrations v« s , bns, v 2 *s, vna, 8*a, Sutherland and Dennison introduced 
the following potential 2 

2V — a {x\+ xl) + b ( y\ + y%) + cx 2 + 2d(x 1 y 1 +x 2 i/J + 2e(x 1 +x 2 )x, (155) 


1 The notations for the normal vibrations are those of Mecke. They are pre¬ 
ferred to the conventional numerical notations because they are more descriptive of 
the symmetry and the nature of the vibrations. It must be remembered, however, 
that the distinction between the “valence” and the “deformation” vibrations implied 
by the notations is never sharp, and is in fact not possible in such molecules as C 2 C1 4 . 

2 Sutherland & Dennison, Proc. Roy. Soc. A 148, 250, (1935), with e=0. 
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Fig. 35. Normal vibrations of ethylene type molecules. 

4 - and — indicate displacements in and out of the plane of paper. 


where x u x 2 are the displacements of the Y atoms relative to the centers 
of gravity of their respective neighboring X atoms, x is the displacement 
between the 2 Y atoms, and y u 2/2 are the displacements between the 2 
X atoms in each YX, group. The determinantal equation gives for the 
symmetrical vibrations vns, 8ns, v2ns, 
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‘■ + *-+‘>- + i‘ +!<'-*«>• 

"y <<*»-«<*> + nM ic - 2e)b +• <>»«) 

X,Us= w 2 ijr --[(a 6 -d*) c - 2 &e* ]. 

The equations for the antisymmetrieal vibrations vjw, 8 *? are obtained 
from (156) by setting c—e~ 0. 

If the interaction between the Y atom of one YX 2 group and the 
X atoms of the other group is very small so that e may be set equal to 
zero, then one obtains the relation 


M -J~ 2 wi X 1 A 2 A 3 
M X 4 X 5 


Xi *+- 4- As — At — A 5 , 


(157) 


which may be used for estimating one of the fundamentals when the 
other four are known, or as a check for the assumption e =0 when all the 
5 frequencies are known. 

For all the normal vibrations except 6 of the Y 2 X 4 molecule, Wilson 
suggested the potential 3 


2V^k X (5r,) 2 + k x (8r) 2 + Ho? X (8a,-) 2 -b 2k 2 (brfir^bnbr,) + ho} 2 (6p,*) 2 
+ 2ea 2 (8a 1 8a 2 + 5a 3 5a 4 )-h2Xa 2 (8a 1 8a 3 +8a 2 5a i )+ 2Qa 2 (5p 1 8p3-h8p 2 8P 4 ). (158) 


where ax, 02 , a*, a 4 are the angles which the Y —X bonds make with 
the Y—Y axis, 8 pi 5p 4 the angles of bending of the Y —X bonds from 
the plane of the molecule, and the 8 r's have the usual meanings. With 
the notations 


N = 1 +-JUin*a , 
m M 


p = z cos a sin a , 
M 


Q 


1 + «> cos 2 a , 
m M 


,, 2 a + b COP a . r 1,2 /a+&cos a\ ! r M+2m 

• S ' F "¥*»('■ b (159) 

the determinants! equation gives for vjisy 8 jcs, V2ns, 


Xi+X 2 +X s = jtf -ki + Q (k + k 2 ) + N (H + o + X) 

hh+hh +ULi=[*,(fc + fc 2 ) + [fr!+ \MG{k + fr s )J (H + e+ 1 )J (iGOa) 
= (k + k t ) (H 4- e + \) 


8 E. B. Wilson, quoted in L. G. Bonner, Jour. Am. Chem. Soc. 5&, 34, (1936). 
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for bna , dm , 

\i 4 - As = Q (ft 4 - ft 2 ) + N (H + e — X) 

Uk=-~G(k + k z )(H 4 - e -X), ( 160 b) 

for vos, 60s, 

X« 4 - X7 = jV (ft — ft.) + F (H — 0 — X) 

Xs • Xv = (NF - £7 2 ) (ft - ft 2 ) (H - 0 - X), ( 160 c) 


for Vaa , 6 aa , 



As 4- X 2 = N (k — k 2 ) Q (H — © 4- X) 



X« X9 = G (k — k 2 ) (H — 0.4- X)> 

(160d) 

for 80's , 

, 2md?+Mb 2 ( , 

mMb- {k ~ a) ’ 

(160e) 

for b&a , 

Xn= G (h 4- £2), 

(160f) 

where 2b 

is the Y — Y distance, and d —a sin a4-6. 



Still another potential of the valence force type has been used 
by Thompson and Linnett, and by Fox and Martin. 4 It is 


2V = ft 2 (&r ,-) 2 + ft, ( 8 r ) 2 + 2 fte ft 2 ( 6 e ) 2 4- 4ftq,s 2 2 ( 8 <p ,) 2 

4- 2 ft*a [ ( 60 ,) 4- ( 602 ) J&r + 2fc 2 (5r, 8 r 2 4- 6 r 8 8 r 4 ), (161) 

where e is the angle between the 2 Y—X bonds and e+2cp=27r. The 
determinantal equation gives for vjt$, 8*s, v 2 *9, 

AiA2-f-As—— 2 ^ -\-Wk%, 

\ t \ 2 +\ 2 \ 3 +\ 3 \ 4 ^ ^ i (ft+ft 2 ) + {ft , + (ft +ft 2 )} ft a +|^ 3 (* + ft 2 ) "ft f) 

Xi^3 == “2^(^ + ^ 3 ) , (162e) 

4 H. W. Thompson & J. W. Linnett, Jour. Chem. Soc. Lond. P. 1376, (1937); 
The term in k 2 was added by J. J. Fox & A. E. Martin, Proc. Rev. Soc. A 167, 257, 
(1938). 
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for Vjc a , 5j«i, 

Ai + A5 == Q(& + k 2 ) + Nk<% 

hh= ~G (k + k t ) ka (162b) 

where 

k a = 2 &e + k(p ( s/a ) 3 , W = -~~ sin 

and Q, N have the same meaning as in (159). For vos'^W the relations 
are 

\t — N (k — k 2 ) + F kq> (s/a)* 

hh = (NF — E 2 ) (k — k 2 ) ky (s/a )*, (162c) 

and for Yaa , 8 aa , 

Xs + Xg = N (k — k 2 ) + Q k {p (s/a)*, 

Xg X 9 = ~G (k — k z ) k<p (s/a )*. (162d) 

Manneback and Verleysen have employed for the C 2 H 4 molecule 
a potential containing 11 constants. With such a potential, they have 
calculated the 9 planar vibrations of deutero-ethylenes. We shall come 
to their results later. 

It may perhaps be emphasized that since each of the potentials 
mentioned above is less general than what is demanded by general 
symmetry considerations, their success or failure must be judged by a 
comparison with the empirical data. It may well be that a different 
potential must be used in a different molecule. We shall see that this 
is in fact the case. 

In molecules of the C 2 H 4 type, there is a torsional vibration which 
is inactive in both the absorption and the Raman spectra. It contri¬ 
butes, however, to the molecular heat of the molecule. When all the 
other fundamental frequencies are known from the infrared and the 
Raman spectra, it is possible to determine the frequency of the torsional 
vibration from the specific heat data, especially at low temperatures. 

1 ) C 2 H 4 

The infrared spectrum has been studied by Levin and Meyer , 1 
and the photographic region by Bonner . 2 The Raman spectrum has 

1 A. A. Levin & C. F. Meyer, Jour. Am. Opt. Soc. 16, 137, (1928). 

2 L. G. Bonner, Jour. Am. Chem. Soc. 68, 34, (1936). 
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been studied by a 
marized in Tables 

number of 
LXIII and 

authors 3-7 . 
LXIV. 

The 

observed data 

are sum- 


gas C.H, | 


liquid 

c 2 h 4 



(3) 

(4) 

(">) 

(2) 

(f>) 

(7) 

60s 


1 


950 

944 

943 

5jts 

134 2 

1343 

1340 

1341 

1341 

1341 

vi>*s(C 12 —C 1S ) 






1602W 

! V 5 jt3 

1023 

1 020 

1020 

1019 

1020 

1621 

26 


1050 W 


1054 W 


1653 W 

26na 

2S80 ir 

2880 U' 


2880W 


2870 W 

v*s (C l2 -C u ) 






2997V10 

VjlS 

3019 

3020 1 

3000 

3009 

3007 

3008 

Vo a ? 


I 

3080 

3009 w 

3072W 

3075W 

2v 2 3t3 

3240 vw 





3230vm? 

Vos 

3272 vw 

i 




3263VW 


Table LXIVa. Raman spectrum of C L >H 4 


Obs.v 


Obs.v 


050 X 

6 o'a 

8775 Z 

3 vjta 

1444 Z 

6jta 

8981 Z 

VjxaH- 2 v<ya 

1889 Z m 

Vjta — 6a's 

9138 D 

3v<ra 

2047 Z ir 

8 o'a + 60' s 

9775 Z ) 

4-9 0a+ 

2325 vw 


9814 Z j 

2V * a + {v<, s + 5aa 

2988 Z 

v*a 

10119 D 

2 vjca +Vcya+ 8*3 

3107 D 

Vaa 

10293 Z 

Vjja + 2vaa -f 8 jis 

4207 D w 

5jts + 3 8aa 

10363 Z 

3 vjxa +v?ns 

4324 D m 

8 aa ~f 3 80 s 

11465 I) 

2 vjta “bvoa -H 28 jts 

4515 D m 

, 

11724 Z 

3vjta -bvjis 

4729 D W 

5jta Vos,Voa + V2jts 

11780 D 

3v*a + V 0 S 

4930 

1 

14100 ? 

5 vyea 

5050 




5061 

i 

| 




Table LXIVb. Absorption spectrum of C 2 H 4 


3 Dickenson, Dillon & Rasetti, Phys. Rev. 34, 582, (1929). 

4 S. Bhagavantam, Nature 138, 1096, (1936). 

r > P. Daure, Ann. de Physique 12 , 375, (1929). 

0 de Hemptinne, Jungers & Delfosse, Jour. Chem. Phys. 6 , 319, (1938). 
7 G. Glockler & M, Renfrew, Jour. Chem. Phys. 6 , 170, 409, (1938). 
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Consider first the assignments of the fundamental frequencies. 
There is no doubt that the 3 strong Raman lines at 3019, 1342, 1623 
cnr' 1 are due to the 3 totally symmetrical vibrations v^, b n3 , v 2JW , and 
that the 2 intense infrared bands at 2988 and 1444 cm"" 1 possessing sharp 
Q branches are due to and 8^, since these bands are of the A type 
of an asymmetrical rotator. The band at 3107 cm -1 with a doublet 
structure is without doubt v aa which should be of the B type. The in¬ 
tense band at 950 cm*"’ 1 with a Q branch can be ascribed to b a t a which 
is of the C type. From the nature of the vibration 8 aa , it seems very 
unlikely that it is very much different in frequency from 8 0 i a . As no 
other band is observed in the region from 700 to 1400 cm -1 , it is probable 
that b aa is overlapped by b a i a at 950 cm -1 . The assignments of the 3 
frequencies v^, 8 os , 8 0 * s are less definite. The Raman frequency 3070 
cm -1 of the liquid has been assigned by Bonner and by de Hamptinne 
and his coworkers to v as . There is the difficulty, however, that it is 
not observed in the gas although the weak lines 3270 and 3240 cm'" 1 do 
appear in the gas. Glockler and Renfrew suggested that the 3070 line 
may be due to the infrared active fundamental which is rendered Raman 
effect active by perturbations existing in the liquid state. On accepting 
this, one may assign the Raman frequency 3272 cm** 1 of the gas to v as 
and 3240 to 2v 2 *s. The frequency b as is expected to be of the same 
order as b oa , and the Raman line 944 of the liquid can be assigned to 
it although there is again the difficulty that it is not found in the gas. 
The frequency 8 a / s can be estimated by means of the relations (160e) 
and (160f) with approximate values for the molecular dimensions and 
the assumption that the constant Q is small compared with the constant 
h in (158). Thus one finds 8 o / s ~1100 cm" 1 . With this value, it is easy 
to explain the weak infrared band a 1 2047 cm -1 as Va + Vs. 

For the torsional vibration 8, Eucken and Parts have estimated 
the frequency at 745-800 cm -1 from their measurements on the specific 
heats of C 2 H 4 down to 190° K s . On this basis, it is possible to explain 
the weak Raman line at 1656 cm -1 as the first harmonic of 8 which is 
active on symmetry considerations. In fact it would be difficult to ex¬ 
plain this Raman line in any other manner. 

With the above fundamentals, a reasonable assignment can be 
given to all the observed frequencies in the Raman and the absorption 
spectra, as shown in Tables LXIVa and LXIV&, although the assignments 


* A. Eucken & A. Parts, Zeits. f. phys. Chem. B 20, 184, (1938). 
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of the high combination bands are not unique on account of the closeness 
of some of the fundamentals. 

The constants in the potential (155) can be calculated. They are 

a = 7.53, b = 1.05, c = 9.74, d = =fc 1.53, e = 0.705. (163) 

The constants in the potential (161) together with the angle e between 
the two C — H bonds can be calculated from (162a), (162b) and (162c). 
They are 

k C H = 5.28, k C c = 9.77, fc 8 = — 0.51 = — 0.34, 

fc© = 0.405, kip (sia) 2 = 0.306, e = 107°. (164) 

Similar calculations with equations (160) do not yield consistent values 
for the constants in the potential (158). As the values of the potential 
constants are rather sensitive to the frequencies and as some of the 
fundamentals are not known accurately, especially on account of the 
anharmonicity, it does not seem worth while to stress too much on the 
exact values of the potential constants. 

The potential of Manneback and Verleysen 0 containing 11 con¬ 
stants for the 9 planar vibrations no doubt gives a better description of 
the molecule. As we shall see below, even such a potential is not com¬ 
pletely satisfactory since the calculated frequencies of the deutero- 
ethylenes differ by as much as 50 cm -1 in some cases. 

Concerning the dimensions of the C 2 H 4 molecule, the following 
may be said: From the photographic bands of the molecule, Badger 10 
gave the following moments of inertia of the molecule 11 

I a = 5.70, 1b = 27.5, Ic = 33.2 X HT 40 g.cm . 2 (165) 

These values are not sufficient to determine uniquely the C — H, C—C 
distances and the H —C —H bond angle. Penney 12 argued that the C — H 

o 

distance in C 2 H, must lie between the value 1.06 A in C 2 H 2 (64) and 

0 C. Manneback & A. Verleysen, Ann. Soc. Sci. Bruxelles B 56, 349, (1936) ; 
Verleysen & Manneback, ibid., 57, 31, (1937); Nature 138, 367, (1936). 

10 R. M. Badger, Phys. Rev. 45, 648, (1934), gave the following values: 

r(C —H) =1.04 A, r(C = C) =1.37 A and 0=126°. The C-H distance is too small. 

11 W. Scheibe & P. Lueg, Zeits. f. Physik 81, 764, (1933), analyzed the 11465 
cm— 1 band of C 2 H 4 and obtained the value 28.25xlO~ 40 g.cm 2 for the moment of 
inertia of the molecule. But the analysis is based on treating the molecule as linear 
and hence the result is incorrect. 

12 W. G. Penney, Proc. Roy. Soc. A 158, 306, (1937). 
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the value 1.99 A in CH 4 (128b) and assumed the value 1.08 A. Then 
(165) leads to the following values 

r (C—H) = 1.08 A, r (C = C) = 1.33 A, e = 118° (166) 

la, b, c, d, e, f) C2H3D, cis, trq,ns & asym, C 2 H 2 D 2 , C 2 HD 3 , C 2 D 4 

While the molecules C 2 H 3 D and C 2 HD 8 have no symmetry and 
hence all the normal vibrations are active in both the absorption and 
the Raman spectra, the cis C 2 H 2 D 2 and the asymmetrical C 2 H 2 D 2 belong 
to the symmetry class C 2v and the trans C 2 H 2 D 2 to C 2 a- The selection 
rules for these molecules are given in Table LXV. For convenience, the 
vibrations are given the same notations as for the corresponding vibra¬ 
tions in C 2 H 4 . 


Vibrations 

Inf. 

trans 

Ra. 

. 

CIS 

Inf. 

Ra. 

Inf 

asym. 

Ra. 

V*s , Sits , V2j*s 

ina. 

P 

B 

P 

A 

P 

Vjca , 

act. 

ina. 

A 

d 

A 

P 

vos , 5as 

ina. 

P 

A 

d 

B 

d 

Vaa , baa 

act. 

ina. 

B 

P 

B 

d 

b&s 

ina. 

d 

ina. 

d 

C 

d 

bo? a 

act. 

ina. 

C 

d 

C 

d 

torsion b 

act. 

ina. 

! ina. 

d 

ina. 

d 


Table LXV. Selection rules of deutero-ethylenes. 

A, B, C means that the band is of the A, B, or C type of an 
asymmetrical rotator. 


The Raman spectra of the deutero-ethylenes have been studied 
by de Hemptinne, Jungers and Delfosse 1 , and the infrared spectrum of 
C 2 D 4 has been studied by Sutherland and Conn 2 . In Table LXVI are 
summarized the observed frequencies together with the calculated values 
obtained by Manneback, Verleysen and their coworkers. 3 

1 M. de Hemptinne, C. Jungers & J. M. Delfosse, Jour. Chem. Phys. 6, 319, 
(1938). 

2 G. B. B. M. Sutherland & G. K. T. Conn, Nature, 140, 644, (1937); Conn 
&> Sutherland, Proc. Roy. Soc. A abstract 17, March, (1939). 

8 See footnote (9) of last section. 
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Table LXVI. Vibrational spectra of deutero-ethylenes. 

Calculated frequencies are given in parentheses. 

The assignments of the frequencies are guided by (i) considera¬ 
tions of the symmetry properties and the selection rules for the various 
molecules, and (ii) regarding the cis and trans C-H 2 D 2 as made up of 
two CHD radicals and estimating the frequencies of the CHD group 4 . 
For C 2 H.sD and CLHD.*, the assignments are based on considering the 
trend of the frequencies of the various vibrations in passing from C 2 H 4 
to CjD 4 . 


4 T. Y. Wu, Jour. Chem. Phys. 5, 392, (1937). 
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In C 2 D 4 , the calculated frequency 719 cm -1 for 8 „i a is obtained 
by means of (160f) 5 . 

It is seen that the agreement between the observed and the cal¬ 
culated frequencies in these molecules is satisfactory in general. 8 

2) C 2 C1 4 

The infrared spectrum of tetrachlorethylene C 2 C1 4 has been studied 
by Wu 1 and the depolarization of the Raman lines by a few authors 3 . 
The infrared spectrum shews 3 intense bands at 702, 802 and 913 cm -1 
and a weaker one at 755 cm -1 in the region from 1 to 22 /a. The Raman 
spectrum shows 3 intense and partially depolarized lines at 234, 447 
and 1570 cm -1 , and two weaker and completely depolarized lines at 341 
and 512 cm -1 , and a very weak line at 383 cm -1 whose degree of depo¬ 
larization cannot be accurately determined. 2 The comparative scarcity of 
absorption bands and Raman lines indicates a highly symmetrical struc¬ 
ture, and the absence of infrared active frequencies in the Raman 
spectrum and vice versa shows that the molcule has a center of symmetry. 
The structure is hence like that of C 2 H 4 and the following assignments 
can be made: The 3 polarized Raman lines are probably due to the 3 
totally symmetrical vibrations v^g, 8 Kg , v 2m , and the three weak lines 
to v a8 , 8<,,, 5 0 >g. The assignments of the infrared active fundamentals 

cannot be definitely given, since the region below 450 cm -1 has not been 
studied and some of the fundamentals certainly lie in this region. It is 
probable that the intense band at 913 cm -1 corresponds to v na . By 
means of (157), it is possible to estimate the frequency of 8^, at ca. 
345 cm -1 . Concerning the other fundamentals, little can be said from 
the data available at present. 

8 Sutherland and Conn, loc. cit., gave the value 605 cm -1 for 8„» 0 according 
to the potential (168). Application of (160f) shows, however, that this should be 
719 cm -1 irrespective of the values of the potential constants h and Q. In fact, 
the relation for 8o* g and ft g t a given by Sutherland and Dennison, Proc. Roy. Soc. A 
148, 250, (1935), is equivalent to (160e) and (160f) for Q -0. 

# Y. L. Chang, quoted in M. de Hemptinne et al, loc. cit., has made corrections 
for anharmonicity in the calculations. 

1 T. Y. Wu, Phys. Rev. 46, 465, (1934). 

2 L. Simons, Soc. Sci. Fenn. Comm. Phys. Math. 6, no. 13, (1932); T. Y. Wu, 
Jour. Chin. Chem. Soc. 5, 402, (1936); F. Heidenreich, Zeits. f. Physik 97, 277, 
(1935), studied the polarization of the Raman lines by means of circularly polarized 
light (see footnote 7 at end of section 6, Chap. II), and found the 383 cm -1 line to 
be “richtig”. As the line is so weak and as it is measured only once, the Tesult may 
be doubtful. 
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On the above assignments of the 5 frequencies v^, 5* 8 . v 2 * g , b^ a , 
it is possible to calculate some of the constants in the potentials (155), 
(158) and (161). Duchesne 3 has calculated the constants in a valence 
force potential given by Delfosse, and Thompson and Linnett 4 have 
employed a potential which is slightly different from (161). Their 
results are given below. 




Thompson- 

Potential 

r 

Duchesne 5 

Constants 

Duchesne 

Linnett 

(155) 

. Koo 

6.25 

6.18 

6.81 

o-8 

*coi+k 2 

4.48 

4.9 


a 



4.70 


b 1 



1.94 


d 

i 


1.62 


e 

1 

1 


0.29 



Table LXVII. Potential constants of C 2 C1 4 

From the low value for the C—C bond constant compared with 
the value 9.8xlO c in C 2 H 4 , Duchesne and Thompson and Linnett con¬ 
cluded that this may indicate resonance between the following structures 


c \ 

\r — 

/Cl 

r J { 

Civ /Cl 

Nc _ CC 

Cl/ 

\ci 

Cl/ Xci 


While such a resonance is possible, it must be remembered that the 
calculations of the potential -constants are based on an assignment of 
the fundamentals which is not completely definite.. One should perhaps 
accept all values for the potential constants with reserve until more 
definite informations concerning the fundamentals are available. 6 

a J. Duchesne, Nature 139, 288, 634, (1937). 

4 H. W. Thompson & J. W. Linnett, Jour. Chem. Soc. Lond. P. 1393, (1937). 

5 That these 6 frequencies lead to a value for the C — C bond constant marked¬ 
ly different from that in C 2 H 4 was first observed by Wu, Phys. Rev. 46, 465, (1934), 
who attributed the difference to the very approximate nature of the calculation and 
the incomplete knowledge concerning the frequencies of these vibrations. Duchesne 
has shown in a recent note, Nature 142, 256, (1938), that the C — C bond constant is 
in fact quite sensitive to the frequencies of these vibrations, and that using the 388 
cm*” 1 Raman frequency instead of the 235 cm" 1 for one of the totally symmetrical 
vibrations brings the C-C constant to' ca. 8xl0 5 . 
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s) N 2 0 4 

The infrared and the Raman spectra of N 2 0 4 have been studied 
by Sutherland 1 and the infrared spectrum also by Harris and King. 2 
The scarcity of absorption bands and Raman lines indicates a structure 
possessing high symmetry. Sutherland assumed for the molecule the 
symmetry Vu as for C 2 H 4 . According to the selection rules in Table 
LXIII, the assignments of the observed frequencies are as follows. 


Raman 

Infra. 


Assignments 


(1) 

(2) 

! Vh 

| 

Vd 

1360 



Vjts 

VjlS 

813 

— 


| fiats 

&ts 

283 

— 


V2jts 

V2jtS 

— 

1 265 


Tjta 

vjca 

— 

752 


6 jta 

5jca 

1724 W 

— 


V<J3 

v ® (2) = 1744 

500 W 

— 




— 

1749 


v aa 


— 

380 


8 aa 

O 

00 

CQ 

% 

0 

? 

— 


5<j's 


— 

680 


fto'a 

8 0 (2) =680 

— 

— 


5 



880 


5aa 4 bos 



948 


fttfa 4-V2 *s 



2060 


v«a + $as 



2620 

2649 

Vjta -fVjts 




2967 

Vjt a +Vas 




3077 | 





3091 ! 

Voa f 




3478 

Vaa 4 v crs 

2 v 0 



3861 w\ 

v Jta 4 2vjts 




4160 

vaa -f 2v Jia 




4230 

Vna 4-Vjts 4vas 




4340 U 

Vaa 42v*s 




4478 U ; 





4620 w 

v«a 42vas 




4706 tc 

vna -f~2vaa T 

2v c + Vjta 



4778 

vaa *+• vaa 4v*ts ? 




5197 

3vaa ? 

3v<r 


Table LXVIII. Vibrational spectrum of N 2 0 4 


1 G. B. B. M. Sutherland, Proc. Roy. Soc. A 141, 342; 535, (1933). 

2 L. Harris & G. W. King, Jour. Chem. Phys. 2, 51, (1934). The bands ob¬ 
served by these authors are given in the third column. The 380, 880 cm -1 bands 
were observed by J. Strong and S. C. Woo, Phys. Rev. 42, 267, (1932). 
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According to Harris and King, however, the infrared and the 
Raman spectra do not exclude the possibility of a structure having the 
symmetry Vd, i.e., one in which the planes of the two N0 2 groups are 
at right angles with each other. In this model, the three pairs of vibra¬ 
tions ( v ag , v aa ), (8 as , § oa ), (8 g>g, flo'a) become three doubly degenerate 
vibrations that are active in both absorption and the Raman effect. 
That the observed Raman lines do not coincide with the infrared fre¬ 
quencies may be due to the fact that the Raman spectrum is observed at 
liquid air temperature and in the solid the N 2 0 4 molecules are known to 
be planar from X-ray studies. 3 It is possible that in gaseous N 2 0 4 , both 
the planar and the perpendicular forms are existent. It would be desir¬ 
able to examine the infrared bands, especially the 680, 752 and 380 
cm -1 bands, under higher resolution to enable a distinction into the A, 
B, and C type bands of an asymmetrical rotator for the planar model, or 
the parallel and perpendicular type bands of a symmetrical rotator for 
the Vd model. 

For either the planar or the Vd model, the potential (155) can 
be applied. The constants calcclated from the observed frequencies are 

c = k NN = 1.50, a = 6.87, 8=4.54, d = ± 2.64 (167) 

for e assumed to be zero. The loose binding of the two N0 2 groups is 
reflected in the low value of the N—N bond constant. 

C) Plane Z 2 Y 2 X 2 Molecules with Symmetries <7 2 * and C 2t >. 

To these symmetry classes belong the cis and the trans isomers 
of dichloroethylene, dibromoethylene, etc. The selection rules for both 
types of molecules have been given in Table LXV in connection with 
the cis and trans dideuteroethylenes. The normal vibrations have not 
been treated because of the large number of constants in the potential 
for such a molecule as the ins C 2 H 2 C1s, while for the classification of 
the observed frequencies some approximate considerations are sufficient, 
as we shall see below. 

1) trans C 2 H 2 C1 2 , 2) cis C 2 H 2 C1 2 

* S. B. Hendrick, Zeits. f. Physik 70, 699, (1931). 

2 W. F. Giauque & J. D. Kemp, Jour. Chem. Phys. 6, 40, (1938), found fair 
agreement between the observed entropy and that calculated on assuming the V d 
model with8 C (2) =882, $ a ,(2)=500 cm -1 . This is however not conclusive evidence 
against the planar model, since the same agreement will be obtained on the basis of 
the assignments in Table LXVIII for the planar model. 
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The Raman spectra of these molecules have been studied by 
Bonino and Briill 1 , and the degrees of depolarization by Trumpy 2 * , Hei- 
denreich 8 , Paulsen 4 and Cabannes®. The infrared absorption spectra 
of these isomers have been investigated in the region 2—22^ by Wu. 6 
Paulsen and Cabannes treated these molecules as 4 -particle systems X— 
(CH) — (CH) —X possessing 6 fundamentals. It has been shown by Wu, 7 
however, that a satisfactory correlation of the observed infrared and the 
Raman frequencies with the 12 modes of vibrations in each molecule 
can be made by considering it as made up of two CHX groups. Thus 
in trans C 2 H 2 C1 2 , the three pairs of observed frequencies 

f 840 Ra. ( 1270 Ra. f 3072 Ra. 

( 820 Inf. ( 1200 Inf. / 3090 Inf. 

can be ascribed to the vibrations v*, v 2 , v 3 respectively in the CHC1 
group, the difference in each pair being due to the coupling of the two 
CHC1 groups. With these frequencies, the constants in the simple valence 
force potential (20), Chap. II, can be calculated to be 

k oH = 5.17 x 10 5 , k C ct = 4.01 x 10 6 , k a = 1.71 x 10 -11 , (168) 

With these constants, equations (21), Chap. II, give for CDC1 the 
frequencies 

V! = 755, v 2 = 960, Vg = 2320 cm" 1 . .(169) 

In fact, the frequencies 765, 992 and 2325 cm -1 are observed in the 
Raman spectrum of trans C 2 D 2 C1 2 . The closeness between the calculated 
frequencies for CDC1 and the observed ones for C 2 D 2 C1 2 shows (i) that 
the CHC1 or CDC1 groups retain a large part of their identity in the 
molecules C 2 H 2 C1 2 or C 2 D 2 C1 2 , and (ii) that the building up of the funda¬ 
mental vibrations of these molecules from those of the CHC1 groups 
and the subsequent assignments are justified. In Tables LXIX and LXX 

1 Bonino & Briill, Zeits. f. Physik 58, 194, (1929); Atti. Accad. Lincei 13, 
275, (1931). 

2 B. Trumpy, Zeits. £. Physik 90, 133, (1934); 98, 672, (1935). 

8 F. Heidenreich, ibid., 97, 277, (1935). 

* Paulsen, Zeits. f. phys. Chem. B 28, 123, (1936). 

6 J. Cabannes, Jour, de Chim. Phys. 36, 1, (1938). 

6 T. Y. Wu, PllyB. Rev. 46, 465, (1934); G. Emschwiller & J. Lecomte, Jour, 
de Phys. et Rad. 8, 130, (1937), measured the absorption bands of the liquids be¬ 

tween 625 and 1460 cm -1 . The frequencies obtained are in approximate agreement 
with those of Wu. 

i T. Y. Wu, Jour. Chem. Phys. 6, 392, (1937). 
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are given the assignments of the infrared and Raman frequencies of 
traits and cis C 2 H 2 CI 2 and C 2 D 2 C1 2 according to Wu, the notations for 
the vibrations being those employed for C 2 H 4 for convenient comparisons 
with Fig. 36. 




c 2 h 2 ci 2 


c 2 d 2 cl 

Vibration 

Infrared 

Raman 

Q 

Raman 

Vjts 

— 

840 (3) 

0.08 

765 (2) 

Sjrs 

— 

1270 (7) 

0.20 

992 (6) 

*2*3 

— 

1575 (5) 

0.08 

1570 (6) 

v jta 

820 

— 


— 

^jta 

1200 

— 


— 

^os 

— 

3072 (5) 

0.20 

2325 (4) 

^03 

— 

350(10) 

0.29 

346 (4) 

Voa 

3090 

— 


! — 

5aa 

? 

~ 




— 

752 (2) 

0.70 

657 (1) 

bo* a 

620 

— 


— 

6 

917 

— 


— 

■+* baa 


1625 (i) 

P 

1323 (0) 

2 vjts 


1690 (i) 

P 

1540 (3) 

2v,«3 


3140 (i) 

P 

3150 (0) 

Table LXIX. 

Vibrational spectra of 

trans C 2 H 2 C1 2 & C 2 D 2 C1 2 . 

1 


C 2 H : C1 2 


c 2 d 2 ci 2 

Vibration 

Infrared 

Raman 

Q 

Raman 

TjCS 

711 B 

711 (7) 

0.07 

689 (6) 

bns 

1181 ? 

1180 (5) 

0.70 

860 (3) 

Vj«S 

1591 B 

1586 (7) 

0.08 

1575 (6) 

v«a 1 

857 A 

? 


? 

8 *a | 

1303 A 

? 


? 

▼<*s 

3087 B 

3078(10) 

0.31 

2325 (6) 

bos 

? 

174 (9) 

0.50 

171 (6) 

Vaa 

? 

? 


? 

boa 

? 

407 (5) 

0.84 

36g (3) 

ba f s 

— 

806 (i) 

d 

? 

ba 9 a 

694 C 

— 

i 


torsion 

— 

878 (*) 

P? 

? 

T 

570 B 

560 (2) 

0.88 

515 (1) 

V 


1688 (2) 

P? 

1507 (2) 

2v s « s 


3158 (i) 

P? 

3150 (0) 


Table LXX. Vibrational spectra of cis C 2 H 2 C1 2 & C 2 D 2 C1 2 
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In Tables LXIX and LXX, there are a few low frequency funda¬ 
mentals that have not been observed in the infrared study of Wu. Re¬ 
cently, Yeou 8 has measured the absorptions of the liquid truns and cis 
C 2 H 2 C1 2 between 6000 and 9300 cm” 1 and found a number of bands that 
he ascribed to the harmonics 2v(CH) and 3v(CH) of a C—H funda¬ 
mental and the combinations of 2v(CH) with the other fundamentals. 
The following: table gives the frequency differences between these com¬ 
bination bands and the band at 6050 cm -1 in each molecule, together 
with the corresponding fundamentals in Tables LXIX and LXX that 
enter into the combinations. 



Trans C,H,C1- 

11 

Cis C-H.C1, 


Obs. bands 

Assign. 

Obs. bands 

Assign. 

6048-f 179 


2vch b Sera 

6050 + 100 

2vaa,2Vas,Vaa ~b Vas 

273 

w 



192 

(174) 

“b 5 as 

342 

w 

(350) 

voa + vas + 8as 

259 

tv 


575 


(620) 

2Vas *b 8a'a 

393 

(407) 

+ 8oa 

672 

w 



568 

w (570) 


745 


(752) 

Vaa ~b vas -b 5a's 

075 

(694) 

-b6o # a 

852 


(820) 

2 v<j 3 *b vn a 

845 

(857) 

-bv«a 

877 


(840) 

vaa 4 -Va 3 -b Vjts 

943 

w 


974 

w 

(917) 

2Vas + 8 

1012 

w 


1183 


(1200) 

2vas + 871a 

1093 

w 


1257 


(1270) 

Vaa -h Vas ~b 5 jts 

1165 

(1180) 

~b 5 jis 

1580 


(1575) 

Vaa -b vas -b V 2 jis 

1281 

(1303) 

-b 8jta 





1 1595 

(1591) 

•bV2* s 


Table LXXI. Combination bands in trans & cis C 2 H 2 C1 2 


An assignment is given each band, which in the case of the cis 
C 2 H 2 C1 2 cannot be completely definite because of the 3 possibilities v 0a 
-bv C8 , 2v as , 2v oa for the band at 6050 cm” 1 . It is seen from Table LXXI 
that when due consideration is given to the effect of the anharmonicity 
of vibrations, these combination bands establish the fundamental fre¬ 
quencies given in Tables LXIX and LXX. 

Concerning the potentials of the cis and trans C 2 H 2 C1 2 , very little 
can be said, except that the HCC1 groups retain considerable parts of 

8 Yeou Ta, C. R. 207, 326, (1938). The 6048 cm - 1 band of trans C 2 H 2 C1 2 was 
given as 2v (CH). This needs a slight modification, as shown in Table LXXI, as no 
odd harmonics of any fundamental are active in absorption since the trans isomer 
possesses a symmetry center. 
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their identity in these molecules and have potential functions approxi¬ 
mately given by (168). An interesting question concerning these isomers 
is that of their relative stabilities. Ebert and Bull determined the 
equilibrium ratio of the two isomers at 300°C and found 63% of the cis 
and 37% of the trams form. 9 This at first seems to indicate a greater 
stability for the cis form, 10 in contradication with other known isomers. 
It has been shown by Altar, 11 however, that a statistical^ calculation of 
the equilibrium ratio of cis to trwns form from their moments of inertia 
turns out to be 62.3: 37.7 even in the absence of any difference in the 
stability of the two forms. On the basis of this calculation, the observed 
equilibrium ratio does not necessarily mean a greater stability for the 
cis form, but can be understood if the two forms have approximately the 
same energy of formation, as shown by Altar from a calculation of the 
interaction of the two groups. 

3, 4, 5, 6) Cis and trwns C 2 H 2 Br 2 and C 2 H 2 I 2 


The infrared and the Raman spectra of these molecules have been 
studied by Emschwiller and Lecomte 1 . The data are incomplete for the 



CoBjCU 

— 

C.H.Br 2 

c 2 h 2 i 2 

1 

Infra. 

Ram. 

Infra. 

Ram. 

Infra. Ram. 

Vns 

711 

711 

579 

580 


&JIS 

1181 

1180 


1150 

1094 ? 

V2*S 

1591 

1586 

1547 

1584 


Vjta 

857 


673 


586 

$jia 

1303 


1229 


1163 ? 

Vos 

3087 

3708 

(3000) 

3084 

(3000) 

&0S 


174 


109 


V<j a 

(3000) 


| (3000) 


(3000) 

baa 


407 


372 


bo's 

— 

806 

| — 


— 

So'a 

694 

— 


— 

653 — 

b 

— 

878 

— 

i 

— 


Table LXXII. Fundamental frequencies of cis C 2 H 2 Br 2 & C 2 H 2 I 2 


9 Ebert and Btill, Zeits. f. phys. Chem. A 162, 461, (1931). 

10 H. A. Stuart, Molekulstruktur, P. 96, (1934). 

11 W. Altar, Jour. Chem. Phys. 3, 460, (1936). 

1 G. Emschwiller & J. Lecomte, Jour, de Phys. et Rad. 8 , 130, (1937), gave 
the following infrared frequencies for cis and trows C 2 H a Br 2 : 679, 673, 746, 829, 
896, 1028, 1146, 1229, 1334 and 1647 cm -1 ; the infrared frequencies for ois C 2 H 2 I 2 : 
586, 663, 730, 906, 1094, 1163 and 1448 cm- 1 ; for trane 688 , 664, 704, 730, 

896, 1061 and 1120 cm -: . Also Kohlrausch, Der Smekal-Raman Effekt, p. 826. 
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assignments of all the fundamental, frequencies in these molecules, as 
the infrared work covers only the spectral region 525—1450 cm -1 and 
the Raman lines in the region 3000 cm -1 are not given. Furthermore, 
in the absence of Raman effect data for both the cis and trans C 2 H 2 I 2 , 
polarization measurements for the C 2 H 2 Br 2 isomers, and separate in¬ 
frared data for the two isomers of C 2 H 2 Br 2 , we can give only a tentative 
classification which is based on a comparison with the C 2 H 2 C1 2 molecules. 2 



c 2 h 2 ci 2 

C 2 H 2 Br 2 

c 2 h 2 i 2 


Infra. Ram. 

Infra. Ram. 

Infra. Ram. 

V*s 

— 840 

— 748 

_ 


— 1270 

— 1246 

— 

V 2jt3 

— 1575 

— 578 

t _ 

v*a 

820 — 

746 — 

664 — 

$jta 

1200 — 

1145? — 

1051 

V 03 

— 3072 

— 3084 

— 

$as 

— 350 

— 218 

— 

v da 

(3090) - 

— 

— 

baa 

(179) - 

— 

— 

bo's 

— 752 

— 453 

— 

b&a 

620 - 

— 

— 

b 

917 - 




Table LXXIII. Fundamental frequencies of trans C 2 H 2 Br 2 & C 2 H 2 I 2 


Further work on the infrared and the Raman spectra of these 
dihalogen derivatives of ethylene, especially polarization measurements, 
is desirable in order to complete the systematics of the spectra of these 
molecules. 

7) Asymmetrical F 2 C=CC1 2 

The Raman spectrum of this molecule in the liquid state has been 
measured by Hatcher and Yost 1 who found 11 lines. The selection rules 
for the normal vibrations is given in Table LXV. There should be 5 

2 It is apparent that not all the observed bands of Emschwiller and Lecomte, 
loc. cit., can be fundamentals, but the lack of the low frequency fundamentals makes 
any assignment of them as harmonic and combination bands quite uncertain. They 
ascribed certain bands to 2v’s of the trans isomers, each molecule being regarded as 
a 4-partide system X— (CH) — (CH) — X. But in the trans isomer possessing a 
symmetry center, no odd harmonics of any fundamental should be active in the 
infrared. 
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polarized and 4 depolarized lines in the Raman spectrum. In the absence 
of polarization data, we can only make the following tentative assign¬ 
ments. 


In the group of 5 totally symmetrical vibrations, one is roughly 
the symmetrical valence vibration vi in CP 2 , one a similar vibration in 
CC1 2 , one a deformation vibration v 2 in CF 2 , one a similar one in CC1 2 , 
and the last a vibration in the C=C bond. To these may be assigned 
the intense lines 1027(2), 435(7), 562(6), 235(6) and 1735(6) respec¬ 
tively. Of the 4 antisymmetrical (planar) vibrations, one is roughly 
the antisymmetrical valence vibration v 3 in CF 2 , one a similar one in. 
CC1 2 , and the other two are deformation vibrations in the CF 2 and CC1 2 
groups about the symmetry axis in the plane of the molecule. To these 
may be assigned the lines 1123(1), 622(4), 648(2) and 454(1) respec¬ 
tively. Of the other 3 vibrations, two are deformation vibrations of the 
CF 2 and CC1 2 groups perpendicular to the plane of molecule and one 
is a torsional vibration of the two groups about the C=C axis. These 
frequencies do not seem to have been represented in the Raman 
spectrum. A weak line observed at 883 (V 2 ) may be the harmonic of 
the 435 cm' 1 fundamental, or the combination 435+454. Another weak 
line at 1976(14) may be the combination 1735+235 or 1123+883. A 
final assignment can only be made when polarization data are available. 

D) Axially Symmetrical TZYX a Molecule 

Molecules of this type are H 3 C—CN and H 3 C—NC. There are 
four totally symmetrical and four doubly degenerate vibrations. Of the 
symmetrical vibrations, one is roughly the valence vibration v x in CH 3 , 
one the deformation vibration v 3 in CH 3 , and the other two are the valence 
vibrations in the C—C and C=N bonds. Of the degenerate vibrations, 
one involves the valence vibration v a in CH S , one the deformation vibra¬ 
tion v* in CH 3 , and the other two are roughly the perpendicular vibra¬ 
tions of the 4-particle system (H 3 ) — C—C—N or (H»)—C—N—C. The 
selection rules of these vibrations are as follows: The symmetrical vibra¬ 
tions give rise to polarized Raman lines and the parallel type absorption 
bands, and the degenerate vibrations to depolarized Raman lines and 
perpendicular type bands. 

A normal coordinate treatment can readily be given for the sym- ’ 
metrical vibrations. With the modified valence force potential 


1 J. B. Hatcher & D. M. Yost, Jour. Chem. Phys. B, 992, (1937). 
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2V = 3fc(8r) 2 4- 3 k e (r5e) 2 4- 3 k<p (s8 <p) # 4- fc, (5/?,) 2 + k 2 (bR 2 ) 2 

+ 6fe 8 (s8qp) 6/?! 4- 2fc 4 (8i?j) (5JB,), (170) 

where r, fix, i? 2 are the X—Y, Y—Z, Z —T distances, e and qp the X — 
Y—X and X—Y—Z bond angles, respectively, the determinantal equation 
is 


AX — k G\ 

CX Bl-ka 

3 F cos cp X —3(F sipqp X—k$) 
3GcosqpX —3<?sinqpX 

where 


F cosqp X G cosqp X 

— (F sinqp X—&») — G sinqp X 
(DX — k x ) HX k 4 

HX — k 4 EX—k z 


=0, (171) 


AS = m(M+M X + + sin 2 qp), BS ~m(MMi-h3m cos 2 qp), 
CS — 3m*) cos qp | sin qp, J9S = (Af -f- 3m) ( M x 4- ilf 2 ), 

£\S = M 2 (M 4- M x 4- 3m) , FS = m {M A 4- M 2 ), GS = mM 2 , 
/ZS = M 2 (AsT 4- 3m), S = M 4- M x 4- M 2 4- 3m , 

k« ~ k 4- k (-Y 12C05V 

a <P 0 \ S* / 14-3 cos 2 qp * 


1) H 3 C~CN (methyl cyanide), 2) H,C~NC (methyl isocyanide) 


The Raman spectra of H 3 C —CN and H 3 C — NC have been studied 
by a number of authors. 1 On the above considerations of the approxi¬ 
mate nature of the normal vibrations, the following assignments can be 
made, although the frequencies given for the perpendicular vibration in 
these molecules may be uncertain. 




ii 8 c-cn 

H 8 C-NC 

Vj ( v, in CH g 

) 

2942(10) 

2951(6) 

v, ( v 8 in CH 3 

) 

1370(3b) 

1414(3) 

v 8 (C—C;C—N) 

917 (3) 

928(3) 

v 4 ( C = N 

) 

2250 (6) 

2161(6) 

v 6 ( v 2 in CHs 

) 

2996 (1) 

3002(1) 

v e ( v 4 in CH 8 

> 

1417 (i) 

1456(1) 

v 7 


1125 (i) 

1041(1) 

v« 


376 (4) 

290(5) 


(172) 


1 Kohlrausch, Der Smekal-Raman Effekt; A. W. Reitz &. R. Skrabal, Monatshefte 
f. Chem. 70, 398, (1937). 



282 


Empirical Results 


With the 4 parallel frequencies in each molecule, it is possible to 
determine the 4 constants k, k a > k u h 2 from (171) by neglecting fr 8 , and 
fc 4 . The values so obtained are: 

( i ) for H 3 C —CN, 

k = 4.9, ka = 0.92 , fr, = 5.2, fc 2 = 17.0; 

(ti) for II 3 C-NC, 

fr = 4.9 , fra = 0.92 , frj = 5.7 , fc 2 = 16.0 . 

It is seen that the C = N bond is stronger in cyanide than in isocyanide, 
in agreement with the observations on HCN and HNC (see §1, A, 5). 

E) Molecules Possessing No Symmetries 

1) CH 3 OH (methyl alcohol), la) CH 3 OD, lb) CH 2 DOD 

The structure of the methyl alochol molecule is one in which the 
oxygen atom takes the place of the halogen atom in the methyl halides, 
the H atom in the hydroxyl OH group being off the C—O axis. As the 
single bond C—0 has no directional properties, the potential energy of 
the molecule as a function of the orientation of the O—H bond about 
the C— O axis will depend on the interaction between the H atom in 
O—H and the H atoms in the methyl group and will possess 3 identical 
minima and 3 maxima in 2rc. Whether the O—H group oscillates about 
one of 3 positions of minimum energy or rotates freely about the C—O 
axis is determined by the height of the potential barriers. A study of 
the spectrum of the molecule will throw light on this question. 

Because of the small mass of the hydrogen atom in the O—H 
group, the CH 3 OH molecule will behave very much like an axially sym¬ 
metrical molecule in its normal vibrations. Disregarding the H atom in 
the O—H group, one has the CH 3 0 group which possesses 3 parallel 
vibrations v 4 , v», v 6 and 3 doubly degenerate vibrations v 3 , v 4 , v e . The 
nature of these vibrations and their modes have been discussed in §3,C 
and shown in Fig. 32. On including the H atom of the O—H group, one 
obtains 3 more vibrations: V 7 for the valence vibration of O—H, v g 
for the above mentioned oscillation or rotation of O—H bond about the 
C—O axis, and v 9 for the' deformation of the H—O—C bond angle. 

Similar considerations hold for the CH s OD and the CH 3 DOD 
molecules, except that the greater departure from axial symmetry on 
account of the greater mass of the D atoms in these molecules may bring 
about a splitting of the “doubly degenerate” vibrations va, v 4 , v a . 
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The Raman and the infrared spectra of these molecules have been 
studied by a number of authors 1 * 2 . The observed frequencies and their 
assignments are given below. 



CHsOH 

CHgOD | 

CH;DOD 

Vibration 

Raman 

Infra. 

Raman 

Infra. | 

! Raman 

Infra. 

V7(0-H),(0-D) 

3382 

3083 

2494 

2720 | 

2501 

2718.8 

v 2 

21)87(5) 

2978 

2987(6) 

2905 1 

2979(5) 

2944 

V] , 2V4 

2942(9;p 


2940(10) 

1 

2948(10) 


V 3 +V 4 

2913(5) 


2017(5) 



Vi, 2v 4 

2837(1)p 

2845 

2830(9) 

2850 

2882(9) 

2835(3) 

2683(3) 

2874 


2588(1) 


2591(1) 


2158.4 


2237 ? 

V 2-2 

2V5 


2054 


20G5 j 

2175(6) 

2180 

V 4 

14G4(5)d 

1477 


1480 

1469(5) 


V 3 

.1451(4) 

.1456 ; 

1464 

1459 1 

1343(5) 

1357 

V8 

; 1370 ? 

1340 | 





V 4 -? 

! i 

1 

1153(1) 

! rmo( 2 ) 


122G(1) 
1154(2) 
942(2) 

803 

1301(6) 

f 

1330 

962.9 

V 9 



i 

i 

1 894(2) 

l 

892.3 

829.5 

810.1 



v 5 (0-C) 

1029(C)p 

1034.18 

1031(5) 

1040 

1037(7) 

1049. Q 


li 

380— 860 


t 


1023. Q 

•V8 


1 




ca .16 p. 


Table LXXIV. Vibrational spectra of CH s OH, CH 3 OD & CH 2 DOD. 


The following remarks will make the table clear. 

(i) It is seen that the frequencies v lf V 2 , v s , v 4 , v 6 , v 6 , the first 4 being 
characteristic of the methyl group and the last 2 of H 3 CO, remain more 
or less the same in these molecules. 

(ii) The presence of two intense Raman lines at ca. 2945 & 2840 cm*"" 1 
in each of these molecules is due to the resonance interaction between 


1 J. O. Halford, L. C. Anderson & G. H. Kissen, Jour. Chem. Phys. 5, 927, 
(1937); Mizushima, Morino & Okamoto, Bull. Chem. Soc. Jap. 11, 698, (1936); 
polarization data on CH 3 OH from J. Wagner, Zeits. f. phys. Chem. B 40, 36, (1938). 

2 Infrared: A. Borden & E. F. Barker, Jour. Chem. Phys. 6, 553, (1938); 
Barker & G. Bosschieter, ibid., 6, 563, (1938); Bosschieter, ibid., 5 992 , (1937). 
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Vi and 2v 4 as in the methyl halides. That only one parallel band at about 
2850 cm " 1 is found in the infrared is due to the overlapping of the other 
band by the intense v 2 band in these molecules. 

(iii) The O-H frequency 3683 cm -1 of CH 3 OH vapor shifts to 3382 
cm -1 in the liquid, and the O-D frequency 2720 in CH 3 OD vapor shifts 
to 2500 in the liquid. Such shifts are due to the association of the 
molecules in the liquid state as shown by Errera, Mollet and others for 
ethyl alcohol and other organic acids . 3 

(iv) In CH 3 OH, a series of absorption lines extends from about 380 
to 860 cnr°, with spacings varying from ca. 10 cm " 1 on the low frequency 
side to ca. 40 cm *" 1 on the high frequency side. This absorption region 
has been ascribed by Borden and Barker to v 8 . Approximate calculations 
show that if this is a pure oscillation, the band will be a perpendicular 
type band with a spacing of about 6.5 cm ” 1 between the Q branches; but 
if the O-H bond rotates freely about the C-0 axis, there will then be a 
series of bands separated by about 40 cm ” 1 from one another. The 
explanation of the observed absorption region is perhaps as follows: the 
low frequency end is probably due to the oscillatory motion while the 
high frequency end is due to the more or less free rotation in the higher 
quantum states. 

(v) The v 5 band at 1034 cm ” 1 of CH 3 OH has been completely resolved, 
the rotational lines being expressible by the expression: 

v = 1034.18 db 1.5975 m — 0.0088 m 2 . 

From this and the dimensions of the CH 3 and OH groups found for CH 4 
and H 2 0, the following values for the greatest and the intermediate 
moments of inertia are obtained: 

Ic = 35.18 , Ib = 33.83 x 10- 40 g.em*. 

The v 6 band of CH 3 OD has also been resolved, the rotational lines being 
given by the expression 

v = 1040.6 ± 1.58 m — 0.008 m *. 

From this, the average value of I c and Ib was obtained as 35.0 xlO” 40 . 

3 See footnote (1), Chap. Ill, §5, B). 

4 Halford, Anderson & Kissen, loc. cit. The objection of Wagner, Loc . cit. f 
against the assignment of the depolarized line 1464 cm"' 1 of CH 3 OH to v 3 by Halford 
et al is now removed by the assignments V8 = 1456 and V4=1477 cm" 1 from the in¬ 
frared data. 
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<vi) From the frequencies v lf v 8 > v 6 , it is possible to calculate the con¬ 
stants in the valence force potential (136) with k A — 0 for the H 3 CO 
group. Assuming tetrahedral angles, the values of the constants are 4 

kcH ^ 4.8 , k co = 5.77 , k a (s/r) 2 = 0.87 (171) 

(vii) In CH 2 DOD, the asymmetry caused by the D atom in the methyl 
group brings about the removal of the degeneracy in the vibrations v 2 , 
v 4 , v 6 . The extra frequencies are denoted by v 2 - 2 , v 4 ^ 2 > and v^. 

§5. Seven-atomic Molecules 

A) Octahedral YX« Molecules 

A molecule with six identical atoms at the centers of the faces 
of a cube and another atom at the center of the cube possesses one single 
totally symmetrical vibration v A , one doubly degenerate vibration v 2 (2), 
and four tribly degenerate vibrations v 3 (3), v 4 (3), v r >(3), v c (3). The 
general forms of the normal vibrations are shown in Fig. 36. 



molecules. The actual forms of the vibrations v 5 and 
v 6 are combinations of the forms shown in the figure 

The selection rules obtained on considerations of the symmetry 
properties are as follows: 



Vi 

v 2 (2) 

v 8 (3) 

v 4 (3) 

v 6 (3) 

v 6 (3) 

Infrared 

ina. 

inac. 

ina. 

ina. 

act. 

act. 

Raman 

P 

d 

d 

ina. 

ina. 

ina. 
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The normal vibrations have been treated by Yost, Steffens and 
Gross 1 and by Wilson. 3 4 * & The last author employed a potential of the 
valence force type 


2 F = k 2 (Sr *) 2 + 2 fe, 2 (br<) ( 5 r } ) + k a 2 (rbqp,) 2 , (173) 

ii=j 


where the second summation ie taken over adjacent r»=Y—X,- bonds and 
q> is the X—Y—X bond angle. The determinantal equation gives 


m Ai = k + 4k h 
m As = 4 k a , 


mk 2 = k — 2k u 
m A* = 2k a , 


m (As + A«) = 


2 M 


r 


3 (M+4m) L 


i _i_ _l_ 12m 2 

1 + ~AT + M* 




m 2 As A« 


= . 4(M±6w)*fcfc a 

3M(M + 4m) 


This simple potential is useful in that it can be determined from 
three of the normal vibrations, the Raman frequencies for example; but 
from our experience with such molecules as the tetrahalides of carbon, 
silicon, etc., we w r ould hardly expect it to be more than qualitative when 
applied to the actual molecules. 


1 ) SFo, 2) SeF c , 3) TeF« 

That these molecules have tetrahedral symmetry Oh is established 
by electron diffraction measurements. 3 The Raman spectra of these 
molecules have been studied by Yost, Steffens and Gross, and the infra¬ 
red spectra by Eucken, Ahrens, Sachsse and Bartholomew The following 
table summarizes the observed data, the constants in (173) determined 
from Vi, v 2 , v 3 , and the frequencies v 4 , v 6 , v 6 calculated with these poten¬ 
tial constants. 


1 Yost, Steffens & Gross, Jour. Chem. Phys. 2, 313, (1934). 

2 E. B. Wilson, Jr., quoted in the above paper. 

3 L. O. Brockway & L. Pauling, Proc. Nat. Acad. Sci. 19, 68, (1933). 

4 SF fi from A. Eucken & H. Ahrens, Zeits. f. phys. Chem. B 26, 297, (1934) ; 

SeF 6 and TeF e from H. Sachsse & E. Bartholome, ibid., B 28, 257, (1935); Eucken 

& E. Sauter, ibid., B 26, 463, (1934). 

6 These frequencies of SF 6 lead to a calculated entropy S(298°K) 69.24 cal/ 
mole/degree in agreement with the thermal value 69.43, according to Eucken & E. 
Schroder, ibid., B 41, 3C7, (1938) 
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vi 

V 2 

v 3 

V 5 v„ v 4 jj 

k k\ 

*« 

SF<j 

772.4.(gas) 



617 965 j 




776 (liq) 

04 2 


(640) (970) (370) j 

5.30 0.34 

0.77 

SeF e 

708 (gas) 



461 787 3 




! 710 (liq) 

662 

405 

(430) (650) (286) , 

5.15 0.12 

0.46 

TeF« 

| 701 (gas) 

674 

813 

370 752 1 



1 

1 

; 697 (liq) 

672 

316 

(310) (610) (222) j 

!| 

5.23 0.09 

0.27 


Table LXXV. Fundamental frequencies & potential constants of SF C , 
SeF 0 , TeF 6 . Calculated frequencies are in parentheses. 


The bond distances are as follows: 
r (S— F) = 1.57 A, r (Se — F) = 1.G8 A, r (Te — F) = 1.83 A. 

B) Y 3 X 4 (symmetry V d ) Molecules 

To this class belongs the allene molecule H 2 CCCH 2 . According 
to the theory of directed valence, the three C atoms would lie in a line 
with the planes of the two CH 2 groups at right angles with each other. 
The selection rules for the normal vibrations are as follows: 


Vibrations 

Symmetry 

Infra. 

Raman 

Vjt S, &JT8, V 2 JIS 

At ! 

ina. 

P 

Vjia, 5jia, Vjsna 

} 

2K, 

d 

vo(2), 8o(2), 5'o(2), 5a(2) 

E 

a n x , ^ 

d 

torsion 

! 

ina. 

d 

Table LXXVI. 

Selection rules 

for allene 

molecule 


The nature of these vibrations can be roughly described as fol¬ 
lows. Of the 3 totally symmetrical vibrations in class A u one can be 
pictured as a symmetrical valence vibration Vi in the CH 2 groups, one 
as a deformation vibration v 2 in the CH 2 groups, and one as a vibration 
of the two CHa groups about the central C atom. The 3 vibrations in 
class B 2 differ from these only in the phase relation of the vibrations 
in the two CH 2 groups. Of the degenerate vibrations, one involves the 
valence vibration vs in CH 2 , and the other three are the perpendicular 
vibrations of the linear 5-atomic system (H 2 )-C-C-C-(H 2 ) as shown in 
Fig. 30 for the carbdn suboxide molecule. 
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The six vibrations in the classes Aj and B 2 can be treated by the 
modified valence force potential 

2 V - * S (6 Vi ) 2 + * 4 2 ( ft /?*) 2 + * e I ( r 59 { ) 2 ( s 8 < p *) 2 

4- 2fc 2 SR 2 4- 2* s r (»«! 5 b x + 5i? 2 5e z ), (174) 

where the r's are the C —H distances, R's the C—C distances, e's the 
H—C —H bond angles, and <p's the H—C—C angles. The frequencies of 
the totally symmetrical vibrations are given by 1 

A i -h X 2 ~+“ X 3 — m (* 1 +* 2 ) + Qk 4- Nka 4- Wk z , 

A 1 A 24 -X 2 X 3 4~Xjl3”(^i4**g)(*4- *a ) ~\~Ekk a 4- ~-W^fe*8—(175a) 

= ^ £ (*1 + * 2 ) *a — 2*s J , 

and the antisymmetrical frequencies by 

A*4-A54*Ac = (*1 4- * 2 ) 4- Qk 4- Nka. 4- Wk s , 

A 4 A 6 + AsAfi l- AcAi= (Hk 4- Fk a )(k 1 J r k 2 )Ekka ~\~~Wkks—E k\ , (175b) 

AAsta — -[(*1 + ^2) *« ~~ 2 *?] *. 

where 

*« = 2*e + *cp (s/r)\ Q - 1 +-4 cos *! t N = 1 4- sin*® , 

m M 2 m M 2 

F = 2iV 4-—, 20 + JL , 1? = (M + 2m)/itfm 2 , 

m m 

W =~- sin e , S = 3M 4- 4m . 

The Raman spectrum of allene has been studied by a number of 
workers, 2 the infrared spectrum by Bonner and Hofstadter, 8 and both 
spectra more -recently by Linnett and Avery. 4 The photographic region 

1 Equations (175a) have been given by H. W. Thompson and J. W. Linnett, 
Jour. Chem. Soc. Londoh, P. 1384, (1937). Note the similarity between equations 
(175a), (175b) and (160a), 160b). 

2 Bourguel and Lespiaux, Bull. Soe. Chim. 51, 1041, (1932); Kopper and 
PongTatz, Wien. Ber. 141, 840, (1932). 

3 L. G. Bonner & R. Hofstadter, Phys. Rev. 52, 249, (1937). 

4 J. W. Linnett & W. H. Avery, Jour. Chem. Phys. 6, 686, (1938). 
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was examined by Eyster 5 who found 11 bands and partially resolved one 
of them at 8739 cm -1 into rotational lines. Their data and interpreta¬ 
tions are summarized in Table LXXVII. The discrepancies between the 
infrared and the Raman frequencies are due to the fact that the infrared 
spectrum was observed for the vapor while the Raman spectrum was for 
the liquid. Because of the low dispersion in the infrared studies, the 
accuracy of the frequencies is not very high and it has not been possible 


Assignment 

Infrared 

Raman 

( Vjts 

_ 

2992 (20) 

A i < 6;ts 

— 

1430 (12) 

( V 2 jtS 


1069 (20) 

f Vjia 

broad band 

(3000) 

B z s 6;ta 

1980 (10) 

19 56 (1) 

( V 2 jta 

1389 (12) 

? 

1 V 0 (2) 

broad band 

3062 

E < 8 , a(2) 

1031 (8) 

? 

* ) »«(2> 

852 (30) 

838 (5) 

( 85(2) 

? 

353 (4) 

Bi torsion 6 

— 

(820) 

28a h 


705 (2) 

8+ 6a 

1565 (1) 


28; 

1700 (8) 

1684 (2) 

v 2 jta + 6a 

2420 (2) 

1 

| 

26jts 


2858 (2) 

V2: ta + 26 jts 

4200 (1) 

| 

3vjra 

8738.96 II 

| 

Vj*a •+* 2v*s 

8776.6 II 



8722 II 

1 

v«a 4- 2 V 0 

8978 II 

! 

Vjts 4 2 vo 

9012 II 


3 Va 

9076.7 X 



9718 vw 



10420 „ 



11710 „ 


3vjta 4- 2 v 2 jia ,3 v<j + v 2 jra + 6a 

11418 11,11 


5vjta 

! 

13904 II ! 

i 



Table LXXVII. Vibrational spectrum of allene 


» E. H. Eyster, ibid., 6, 580, (1938). 
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to distinguish between the parallel and the perpendicular type bands 
from the band envelopes. The frequency 820 cm -1 given for the torsional 
Vibration was estimated by Linnett and Avery from the specific heat data 
between 160 and 330 °K. It is possible that the Raman line at 838 em -1 
may be due to a superposition of the two lines b' a and 8 . 

The C-C distance has recently been determined by electron diffrac- 

O 

tion measurements to be 1.34rt0.02 A . 6 From the rotational structure 
of the 8739 cm -1 band, Eyster obtained the value 97.0 xl0 ~ 40 g.cm 2 for 
the moment of inertia about an axis perpendicular to the C-C-C axis. 
On assuming the C-H distance to be 1.087A obtained by an application 
of the Badger relation between bond force constant and bond distance 
(see below for force constant), and on assuming the value 5.67 x 10 ~' 4, > 
g.Qm 2 for the moment of inertia about the C—C—C axis found for C 2 H 4 
(165), he obtained the value 116° for the H—C—H bond angle and the 

O 

value 1.33A for the C—C distances. These values are in good agree¬ 
ment with the values in (166) given by Penney for the ethylene molecule. 

With the six frequencies for the vibrations in the classes A x and 
B>, the constants in the potential (174) can be determined, 

k 2 + kcc — 9.52, ken = 4.93, 

k a = 2k e + k v (sir)* = 1.17, fc s =-0.58 (176) 

the H—C—H bond angle being assumed to be 116°. 

C) Axially Symmetrical Molecules 

1 ) H 3 C-C 2 H (methyl acetylene) 

This molecule possesses 6 parallel vibrations which are symmetrical 
with respect to the axis of symmetry, and 5 doubly degenerate vibrations. 
All the vibrations are active in absorption and in the Raman effect, the 
parallel vibrations being polarized and the degenerate vibrations depola¬ 
rized. The modes of the vibrations may be roughly described as follows: 
Of the 5 parallel vibrations, one is the valence vibration vx and one the 
deformation vibration v 3 in the CH 3 group, one the C=C vibration, one 
the C—C and the last the C—H vibration. Of the 6 degenerate vibrations, 
two involve the vibrations v 2 arid v 4 of the CH 3 group (Fig. 26), and 3 
are the perpendicular vibrations of the linear 6 -particle system (H 3 )—C 
—C—C—H shown in Fig. 30. 


0 L. Pauling & L. O. Brockway, Jour. Am. Chem. Soc. 59, 1223, (1937). 
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The Raman spectrum of methyl acetylene has been studied by 
Glockler, Davis and Wall. 1 No infrared data on the fundamentals seem 
to have been reported. Table LXXVIII summarizes the observed data 
and their interpretations. 


Vibration 

Liquid 

Gas 


Vjt (C — H) 

Vi 

3305 

(2s) 

3306 


( v« (CH,) 

v 2 

1 2926 

(10s) 

2941 

(10) 

(2 6o(CH s ) 


| 2867 

(6s) 



v* (CsC) 

V* 

2123 

(lls) 

2142 

(10) 

Sjt (CH S ) 

V 4 

1382 

(6s) 

1420 

? 

v*(C-C) 

V 5 

929 

(8s) 

930 

(5) 

v<j (CH S ) 

Vft 

2971 

(4 b) 



5o (CH,) 

V 7 

1448 

m 



5d 

V* 

643 

(6 b) 



K 

v 9 

336 

(9b) 




Vio 

? 




26* 


2736 

(lb) 




Table LXXVIII. Raman spectrum of methyl acetylene. 
s , sharp; 6, broad. 

The assignments of the 5 parallel fundamentals seem quite definite 
on considerations of their order of magnitudes. The appearance of the 
two lines at 2867 and 2926 cm - " 1 can be explained as the result of reso¬ 
nance interaction' 2 * between the parallel fundamental v 2 and the first 
harmonic of the perpendicular fundamental v 7 . 

Herzberg, Patat and Verleger 8 have analyzed a parallel type 
absorption band at 10304 A (9700 cm^ 1 ) by photographic techniques. 
From the rotational structure of the band, they obtained the value 1.463 
A for the C—C single bond distance, the assumption being made that the 
GH 3 group retains its dimensions as in CH 4 and the C = C and C—H 
distances are the same as- in C 2 H 2 . Badger and Bauer 4 obtained the 

o 

same result from a partial analysis of a parallel type band at 9040 A. 

1 G. Glockler & H. M. Davis, Jour. Chem. Phys. 2, S81, (1934) ; Glockler & 

F. T. Wall, Phys. Rev. 51, 530, (1937), gaseous H S C—C 2 H. The line 1382 cm~l 

was described as broad by Glockler and Davis, but from their microphotometer curve 
it appears to be as sharp as the other “s” lines. 

2 Cf. A. Adel & E. F. Barker, Jour. Chem. Phys. 2, 627, (1934) ; also R. M. 

Badger, ibid., 5, 178, (1937). 

8 Herzberg, Patat & Verleger, Jour. Phys. Chem. 41, 123, (1937). 

4 R. M. Badger & S. H. Bauer, Jour. Chem. Phys. 5, 599, (1937). 
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O 

Electron diffraction measurements give the values: 6 r(C—C) =1.457 A, 
r(C = C) =1.198 A. The considerably smaller value for the C—C bond 
distance compared with the value 1.54 A for normal single bond indicates 
constributions of double bond character arising from quantum mechanical 
reason ance. 

The 5 parallel vibrations have been treated by Glockler and Wall* 
who employed a simple valence potential containing 5 constants, viz., 
Jcc-h, kc=c, kc-c, and k c ~n , k a for the CH S group. 

The determinantal equation is similar to (171) for the methyl cyanide 
and methyl isocyanide molecules. With the five parallel frequencies in 
Table LXXVIII, one obtains the following values 

kc-H — 4,75, kc~c “ 14.5, kc—c ~ 6.25, 
k C -M = 5.7 5, k a = 0.80 X 10 6 . 

These values are only approximate since the five frequencies do not 
suffice for the determination of interaction terms in the potential and 
since the anharmonicity corrections are not known. It is seen, however, 
that the high value for the C—C bond constant is consistent with the 
observed C—C distance in indicating some double bond character. Similar 
situation obtains in dimethyl acetylene, as shown in (189). 

2) B(OH) 3 (boric acid) 

By analogy with the other boron compounds discussed in § 2, C), 
one would expect the three B—O valence bonds to lie in one plane. Hence 
in considering those vibrations of the B(OH) 3 molecule which do not 
appreciably involve the H atoms, one may regard the molecule as a plane 
YX 3 structure having the symmetry D <?*. The Raman spectrum of boric 
acid in solution has recently been studied by Mitra 1 who found two weak 
lines at 515 and 986 cnr 1 and an intense line at 872 cm -1 . This obser¬ 
vation is consistent with the D%% model (86). With the frequency 872 
cnr -1 for the totally symmetrical vibration Vi, the constants k—2k' in 
the potential (92) turn out to be 7.60xlO 6 . The two other frequencies 
515 and 986 lead, however, to no real solutions for the constants k—k r 
and ka> 

6 L. Pauling, H. D. Springall & K. J. Palmer, Jour. Am. Chem. Soc. 61, 927, 
(1939). 

6 G. Glockler & P. T. Wall, Jour. Chem. Phys. 5, 813, (1937). 

1 S. M. Mitra, Ind. Jour. Phys. XII, Pt. 1, 9, (1938); also L. Kahovec, Zeits. 
f. phys. Chem. B 40, 135, (1938), on other boric acid derivatives. 
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On including the H atoms in our consideration, the symmetry of 
the molecule probably becomes that of C Bt ,. Mitra observed in solid 
B(OH) 3 two intense lines at 3195 and 3290 cm^ 1 . Since other expected 
lines are not observed probably because of their low intensities, it is not 
possible to have a complete assignment of all the fundamental frequencies. 

D) Molecules with Symmetry C 2v 

1) 0(CH 2 ) 2 (ethylene oxide), 2) S(CH 2 ) 2 

According to the theory of directed valence, the structure of the 
ethylene oxide molecule should be one in which the O and the C atoms 
form an isoceles triangle and the planes of the CH 2 groups are perpendi¬ 
cular to the plane o of the OC 2 ring. Another plane of symmetry v is 
perpendicular to o and the C~~C bond. The nature of the 15 normal 
vibrations, their symmetry properties and their selection rules are shown 
in Table LXXIX. 



Vibrations 

Symmetry 

Selection 

rules 

Notation Nature 

class 

a 

v ! 

Infrared 

Raman 

Vi 

vi in CH 2 

Ai 

8 

8 1 

m z 

P 

v 2 

v 2 in CH 2 

Ai 

S 

8 

> * 

p 

V8 

bendingJof CH 2 

A i 

8 

8 

1 1 

P 

V 4 

Vi in OC 2 

A i 

8 

8 

> t 

p 

V5 

v 2 in OC 2 

A i 

8 

8 

t * 

P 

VO 

vi in CH 2 

Bi 

8 

a 

m x 

d 

V7 

v 2 in CH 2 

Bi 

S 

a 

f , 

d 

vg 

bending of CH<? 

B i 

8 

a 

1 » 

d 


v* in OC 2 

B i 

8 

a 

t • 

d 

Vio 

vs in CH 2 


a 

ft 

2 n y 

d 

Vll 

rocking r of CH 2 

B 2 

a 

8 

r» 

d 

via 

twistingMn CH 2 

B2 

a 

8 

> t 

d 

vis 

vs in CH 2 

A 2 

a 

a 

ina. 

d 

V14 

rocking of CH 2 

a 2 

a 

a 

ina. 

d 

Vi5 

twisting in CH 2 

j A s 

a 

a 

i 

ina. 

d 


Table LXXIX. Normal vibrations of ethylene oxide molecule. 

The Z-axis is the intersection of o and v; the X-axis in o ; the Y-axis in v. 


l By “bending” of CH 2 is meant the motion of the H atoms JL to the plane of 
CH 2 ; rocking describes the motion of the CH 2 in the plane of the CH 2 group; 
twisting respresents torsional motion of the CH 2 about the-bisector of the H — C —H 
bond angle. These descriptive notations are due to J. W. Linnett, Jour. Chem. Phys. 
6 , 692, (1938). 
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The-Raman and the infrared spectra of ethylene oxide have been 
stludied by a number of authors 2 , and more recently by Linnett 8 . The 
assignments of the observed frequencies given by the last author are 
shown in Table LXXX. 



Obser 

ved frequencies 

Assignment 

Raman 

Infrared 

Vl 

8008 p 

1 8080 s 

V2 

1492 p 

I 1497 m 

vg 

1122 p 

overlapped by 11G8 

v 4 

1270 p 

j 1271 s 

V5 

807 d 

811 w 

V6 

8008 

ca. 8000 

V? 

? 

1458 w 

V 8 

1169 d 

1168 s 

V 9 

867 d 

867 s 

VlO 

3060 d 

ca. 8000 

Vn 

? 

overlapped by 1168 

Vl2 

? 

078 w 

VJ3 

808Q d 

— 

Vl4 

? 

— 

V 15 

807 

1 

— 

2V5 


: 1616 w 

VS+V 9 


1650 m 

2vq 


1721 w 

VJ1+V J2 


1846 vw 

V 4 -HV12 


1945 w 

vg 4 -v 9 


2020 m 

v 4 


2119 w 

v 8 +v 8 


2278 m 

v* +v 8 


2689 w 

v 2 +v 4 


2786 w 

2V7 

2917 p 


Vi, 2v 2 

2980-8008 p 


Vj-fVg, V8+V9 


3876 w 

Vl +v 4 


4292 w 

V2 +Vio 


4587 w 

2vi, vi -fvg etc. 1 

1 


6173 w 


Table LXXX. Vibrational spectra of ethylene oxide. 

It is seen from the above table that except for v« and vn which 
is overlapped by the intense band at 1168 cm - * 1 , our knowledge concerning 


2 Raman spectrum: Lespieau & Bourguel, Bull. Soc. Chim. 47, 1365, (1930); 
Timm & Mecke, Zeits. f. Physik 97, 221, (1936) ; polarisation data from Ananthakri- 
shnan, Proc. Ind. Acad. 4, 82, (1936); Infrared spectrum: L. G. Bonner, Jour. 
Chem. Phys. 6, 704, (1937). 

8 J. W. Linnett, loc. cit.. 
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the normal vibrations of the ethylene oxide molecule is fairly complete. 
Perhaps it would be desirable to examine the absorption bands, especially 
the overlapping ones, under higher dispersion and resolution. 

Recently, Eyster 4 has observed some 14 bands of ethylene oxide 
and 7 bands of ethylene sulphide S(GH 2 ) 2 in the photographic infrared 
region. From the envelopes of some of the stronger bands and from 
the following approximate values for the principle moments of inertia 
calculated on the basis of reasonable molecular dimension (electron 
diffraction data of H. A. Levy, quoted by Eyster), 

0(CH 2 ) 2 * I A = Ix= 31.8, 1b —lz — 39.2, lc—Iy = 59.0 x lO" -10 

(177) 

S(CH 2 ) 2 : 7 a = /z = 38.8, / b = /jt = 74.8, 7 c = 7y = 1(>2.0 x nr 40 
it is possible to make the following assignments. 


0(CH 2 ) 2 

Obs. v & band type 

Assignment 

1 S(CH 2 ) 2 

Obs. v & band type 

Him 



8466 



8602.1 A or C 



8667.0 B 

3v, 

8637 A 

8767.3 C 

2vi4*vio 


8773.8 A 

3va 

8771.9 B 

8815.8 B 

Vl+?V6 


8835.8 C 

2vb4-vio 

8833.8 C 

8881.3 


i 8900 



! 8982 

9021.7 C 

Svio 

9080.2 C 

9483 

| 


9704 

i 


9807 

i 

! 

11333 complex 

i 

1 

1 

| 11413 complex 


Table LXXXI. Photographic bands of ethylene oxide and sulphide. 

§6. Eight-atomic Molecules 
A) Ethane Type Molecules 

A molecule of the type possesses 18 vibrational degrees of freedom. 
There are 6 single vibrations, 6 doubly degenerate vibrations and a 
torsional oscillation (or retarded rotation) of the two CH 3 groups 


* E. H. Eyster, Jour. Chem. Phys. 6, 576, (1938). 
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about the C—C axis. Of the 5 single vibrations, 2 are the in-phase and 
out-of-phase valence vibrations vi in the CH S groups, 2 afe the in-phase 
and out-of-phase deformation vibrations v 3 in the two CH 3 groups (see 
Fig. 26), and one is the symmetrical vibration of the two CH fl groups. 
Of the 6 degenerate vibrations, 2 are the valence vibrations v 2 and 2 
are the deformation vibrations v 4 in the two CH 3 groups, and 2 are the 
bending motions of the CH 3 groups. The symmetry properties of these 
vibrations depend on the symmetry of the molecule, viz ., according as 
whether the molecule has a plane of symmetry perpendicular to the C~C 
axis (class Dr*), or a center of symmetry (class D 3d ) so that the two 
CH 3 groups have their symmetry planes displaced by ir/S, or the sym¬ 
metry D[ h in which the possibility of free rotation of the two groups 
about the C—C axis is taken into account in Z> 3 *. The selection rules 
for the three cases are given in Table LXXXII. 


Vibrations 

Ds'h 

D3h 

D 3 d 


Symm. Inf. Ram. 

| Symm. Inf. Ram. 

Symm. Inf. Ram. 

vi v 2 v 3 

A i — p 

A\ - p 

A IK — P 

V4 vs 

a 2 a«z - 

i a% a« z - 

A*u 2R Z - 

vj 2 torsion 1 

Ai — — 

Ai 

A iu — — 

V6 V7 V8 

E 2»x,y d 

E> 2» X( y d 

Eu 9Bx,y ~ 

V9 ViOVn 

E - d 

E>' - d 

Eg — d 


Table LXXXII. Selection rules for Z>' 3 *, Z> 3 * & D Hd type Y 2 X<; molecules. 


The selection rules for the harmonic and combination bands can 
be obtained on the following considerations of the symmetry properties: 


A? - A x 
A\ * A 2 “ A 2 



A x for n even 
A 2 for n odd 

A x 4- E for n even 
A x + A 2 + E for n odd , 


A x • E = A Z *E = E 1 E»E — A x + A 2 + E . 


For the Z> 3 * model, 


n «. ,m* 2 = f(') for «I, even 
'' w ( (") for « 2 odd, 
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and for the D 3 a model, 


( S )" 1 



(g) for n 2 even 
( u ) for n 2 odd. 


From these and the selection rules in Table LXXXII, one can 
obtain the selection rules for any harmonic and combination bands in 
the Raman and the infrared spectra. An important difference between 
the D 3 h and the D 3 a models is that all harmonics of the E' fundamentals 
are active in absorption, while only the even harmonics (n odd) of the 
E u fundamentals are allowed in absorption. 

For the 5 single vibrations, the following modified valence force 
potential can be employed. 

V = 6fc(5r) s +A , 1 (5r 1 ) 2 +C/re , (r§o) 2 +6^< p (s6qp) 2 +12fr z (s6qp)&r„ (178) 

where r=C—H, ri=C—C, e = HCH, <p = HCC. The equations for the 
symmetrical vibrations v I( v 2 , v* are 

X 1 +A,+X,= ( ^ + ^cos 2 q>) k ^ + * sin 2 <p)fr tt + ^ (fc,-6 sin q> fr 2 ), 
XiXj+X^Xs+XA^ mM^ k + ka ^ ki + M ntl^ kka ~ mM [ sin 9 + 


where 


XiX^Xs— 


2 

mm 


(fr, fra — 6frj) k, 


fra = frcp + fro (r/s) 


z 12 cos 2 cp 
l+3cos 2 q> 


(179) 


The equations for the vibrations v 4 and v B can be obtained from (179) 
by setting k l =k 2 =0. For the doubly degenerate vibrations, the equations 
are more complicated and will not be given here. 

Another potential of the type (155) has been given by Sutherland' 
and Dennison 1 . 


1) Cali, 

The study of the spectrum of the ethane molecule is of special 
interest on account of the question concerning the potential energy of 

1 G. Sutherland & D. M. uennison, Proc. Roy. Soc. A 148, 260, (1935). Equa¬ 
tions (179) with fc2=0 have been given by J. B. Howard, Jour. Chem. Phys. 6, 
442, 461, (1937). 
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the molecule as a function of the relative orientation of the two CH 8 
groups about the C—C axis. Whether the two CH 3 groups are more or 
less free to rotate relative to each other, or the motion is one of torsional 
oscillation about a position of equilibrium, and if so, whether the equili¬ 
brium configuration has the symmetry D ? h or D St i, are questions of 
considerable importance since a knowledge of them will throw some light 
on the nature of the interactions between the H atoms in the two CH 3 
groups in the ethane and other similar molecules. 

The infrared spectrum of C 2 H (} in the gaseous state was inves¬ 
tigated under high dispersion by Levin and Meyer 2 and was later exa¬ 
mined under lower dispersion but over a greater spectral range by a 
number of workers. 2 The Raman spectra of gaseous and liquid C 2 H 6 
have also been studied by a number of authors 3 * * & . The following tables 
summarize the observed data and their interpretations. 


Assignment 

C. A. L. B. 

C.Hfl 

L. H. 

gas 

Bh. 

D. 

C, H 
G. R. 
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2Vi2 
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2941 
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2V7 ,v 7 -fvio 

2v 2 
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2922 w 
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Vll 

'I 
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. . l 
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Table LXXXIII., Raman spectrum of C 2 H c 
C. A. L=Crawford, Avery & Linnett; B.=Barker; L. H.=Lewis & 
Houston; Bh.=Bhagavantam; D.=Daure; G. R.—Glockler & Renfrew; 
G. K.=Goubeau & Karweil. 


2 A. Levin & C. F. Meyer, Jour. Opt. Soc. Am. 16, 137, (1928) ; E.Bartholome 
& H. Sachsse, Zeits. . phys, Chem. B 30, 40, (1935); E. Bartholome & J. Karweil, 

ibid; B 39, 1, (1938); J. Karweil & K. Schafer, ibid., B 40, 382, (1938); B. L. 

Crawford, W. H. Avery & J. W. Linnett, Jour. Chem. Phys. 6, 682, (1938). 

8 P. Daure, Ann. de Phys. 12, 375, (1929); S. Bhagavantam, Ind. Jour. Phys. 
6, 696, (1931); C. M. Lewis & W. V. Houston, Phys. Rev. 44, 903, (1933); G. 
Glockler & M. M. Renfrew, Jour. Chem. Phys. 6, 296, 409, (1938); Crawford, Avery 

& Linnett, loc. cit .; G. Gouteau & J. Karweil, Zeits. f. phys. Chem. B 40, 376, (1938). 
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1 Assignment 

L. M. 

B. S. 

B. K. . 

C. A. L. 

C. A. L. 
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2954 8 11 I 

2955 8 

vi4*ve4*V9 J 

1 

18015 w CH 4 
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3007 m 

vs 
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2V10+V12 ! 




3186 w II i 

3186 w 
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1 

1 



8222 w II 
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i ' 
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Table LXXXIV. Infrared spectrum of C 2 H« 

L. M.=Levin & Meyer; B. S.=Bartholome & Sachsse; B. K-=Bartholome 
& Karweil; C. A. L.=Crawford, Avery & Linnett; Ba=Barker. 


The assig-nments of the fundamental frequencies can be made on 
the following considerations: From polarization measurements, it was 
found that the 993, 2900, 2955 cm -1 lines are polarized and the 1460 
line depolarized. The 993 cm - ' 1 must be one of the Ai fundamentals. 
The presence of two Raman lines at 2900 and 2955 cm -1 can be explained 
as due to a resonance between the Ai fundamental in this region and 
the harmonic of an E fundamental at ecu. 1450 cm -1 . The other At 
fundamental due to the deformation vibration in CH 2 is expected to lie 
at ca. 1400 cm -1 . Crawford, Avery and Linnett suggested that it is not 
observed but its harmonic and the harmonic of the A 2 fundamental ( v<~ 
1379) are responsible for the resonating pair of weak Raman lines at 
2774 and 2778 cm" 1 . (It has recently been pointed out by Barker 4 that 
the 1460 cm -1 line shows a weaker satellite at ca. 1480 cm -1 which seems 
to be polarized and that this is probably the At fundamental in this 
region). The intense parallel type bands at 1379 and 2955 cm -1 can 
be assigned to the A 2 fundamentals. The presence of three parallel 
bands at 2895, 2955 and 3007 cm -1 can again be explained as the result 
of resonance interaction among three levels as shown in Table LXXXIV. 
The perpendicular type bands at 827, 1460 and 2980 cm -1 can be ascribed 
to the E' or E u fundamentals. The E" or E g fundamental in the region 
3000 cm -1 may be identified with the weak Raman line 2960 cm -1 . The 

* E. F. Barker, Jour. Chem. Phys. 7, 277, (1939). 
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E " or Eg fundamental in the region 1400 cm"" 1 should be Raman effect 
active, and is probably the 1460 Raman line. (According to Barker, this 
is not observed, but the pair at 2744 and 2778 cm"" 1 may be due to the 
resonance between 2v 4 and the harmonic of this 2?" or E g fundamental). 
This now leaves only the torsional vibration (or retarded rotation) and 
one of the E" or E g fundamentals undetermined. 

As already mentioned, the question concerning the nature of the 
torsional degree of freedom is of great interest. Since this degree of 
freedom is inactive in both the absorption and the Raman spectra for 
both the D 3 h and the D Ad models, information concerning it can be obtained 
only through its possible occurrence of its first harmonic in the Raman 
spectrum, or through its contribution to the specific^ heat of the molecule. 
Theoretically, this contribution can be calculated from the state sum 
(Zustandssumme) 6 

- E * 

Q = 2 g f e hT (180) 

by means of the equation (143) in Chap. Ill, 

C v = Ra t di ^\ Q (181) 

where o —1/kT and E{ are the energy levels for this degree of freedom 
of motion, and are the eigenvalues of the Schrodinger equation (120) of 
Chap. III. As a first approximation, one may assume the simple from 

V (<p) = A cos 3cp (182) 

for the potential energy of the two CH 3 groups, and for this the Schro¬ 
dinger equation is the well known Mathieu equation. Teller and Weigert 5 
took into account in their calculation three spin modifications of the C 2 He 
molecule, while more recently Schafer® and also Wilson carried out a 
similar calculation with all nine spin modifications (of which only six are 
independent) taken into account. These authors showed that at tempera¬ 
tures (above 100 °K) for which specific heat data are available, the effect 
of the statistical weights due to the nuclear spins of the H atoms 
is negligible. For this reason, the simpler calculations of Pitzer and 
Kemp which neglect the nuclear spins are justified. 

Experimentally, the specific heat of ethane has been the subject 
of measurements by Eucken and his coworkers in the Gottingen labora- 

6 E. Teller & K. Weigert, Gott. Nachr. 218, (1933); J. D. Kemp & K. S. 
Pitzer, Jour. Am, Chem. Soc. 69, 276, (1937) ; K. S. Pitzer, Jour. Chem. Phys. 6, 
469, (1937) ; W. Hunsmann, Zeits. f. phys. Chem. B 39, 23, (1938) ; K. Schfifer, 
ibid., B 40, 367, (1938); E. B. Wilson, Jr., Jour. Chem. Phys. 6, 408, 740, (1938). 
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tory and by Kistiakowsky and his coworkers in the Harvard laboratory. 6 
Their results are shown in Fig. 37. 



Fig. 37. Theoretical and observed vibrational specific heats of C 2 H 6 
and C 2 D 6 . Ordinates are in calories per mole; abscissa are tempera¬ 
ture in degrees K. 

Experimental points: dots are from the Eucken laboratory; squares 
from the Harvard laboratory. Theoretical curves: Solid curves are 
calculated with the frequencies in Table LXXXV and a barrier 2A~ 

3000 cal/mole; Curve in dashes is obtained with 740 cm" 1 and 
2A cz 310 cal/mole; Curve in dashes and dots is obtained with 
740 cm -1 and 2A 3000 cal/mole. 

A. Eucken & A. Parts, Zeits. f. phys. Chem. B 20, 184, (1933), down to 
190 °K; Eucken & K. Weigert, ibid., B 23, 265, (1933), down to 14 0°K; Eucken & 
Bertram, ibid-, 31, 363, (1936), down to 170°^T; W. Hunsmann, ibid., B 39, 23, 
(1938), down to 95 °K; G. Kistiakowsky and F. Nazmi, Jour. Chem. Phys. 6, 18, 
(1938), down to 140 °/if; Kistiakowsky, J. R. Lacher & F. Stitt, ibid., 7, 289, (1939), 
down to 94°K and also the specific heat of C 2 D e at 94° and 100°JK'. 
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From the observed specific heats and the calculated values, it 
would seem easy indeed to decide between a torsional oscillation (high 
potential barrier) and a free or retarded rotation (low potential bar¬ 
rier) . This however is not the case, as one of the E" or E a fundamentals 
is not known. On the basis of the calculations of Teller and Weigert, 
Eucken and Parts concluded from their specific heat data down to 190°.K 
that the best fit between the observed and the calculated specific heats is 
obtained by assuming the frequency E" or E g to be ca. 740 cm -1 and a 
retarded rotation corresponding to a value 2/1=315 calories per mole 
(ca.. 110 cm -1 ). Bartholome and Karweil showed later that all the 
observed bands can be satisfactorily accounted for on the assumption of 
E" or E g t^j 740 cm -1 . The measurements of the specific heat at lower 
temperatures (down to 100 o J£) by Hunsmann and by Kistiakowsky and 
his coworkers showed, however, that the observed data can only be 
accounted for by the assumption of a value ca. 1120 cm -1 for the E " or 
Eg fundamental and a torsional oscillation corresponding to a value 
2A=3400 calories/mole, as shown in Fig. 37. It has been shown 
by Crawford, Avery and Linnett that a satisfactory assignment can 
be given to all the observed bands on this assumption, as shown in 
Tables LXXXIII and LXXXIV. Hence it appears that the present 
specific heat and the vibbrational spectrum data are in agreement with 
a high potential barrier of ca. 3000 calories/mole between the D s » and 
the D ad configurations. 7 

On accepting the value cr 3000 calories/mole for the potential 
barrier, the next question is whether the D 3 * or the D 3d configuration 
has the minimum potential energy. With the well known potential curve 
for two hydrogen atoms (whose electrons are already paired) and 


7 Besides the spectroscopic and the specific heat data, the value of the entropy 
of the ethane gas at 25 °C and one atmosphere pressure obtained by R. K. Witt & 
J. D. Kemp, Jour. Am. Chem. Soc. 59, 273, (1937), namely, 54.85 calories per mole 
per degree, is also in agreement with the value 54.70 obtained theoretically by 
Schafer, footnote (5), with y 9 (E") ^1130 cm"* 1 and 2A ^3000 cal/mole. Very 
recently, from the specific heat data of C 2 H 6 and down to 93°K, Kistiakowsky, 

Lacher, & Stitt, footnote (6), arrives at the values y 9 (E") =1170 cm"* 1 and 2A = 
2750 cal/mole. The calculated entropy S 298 =for C 2 H 6 is then 54.95. This potential 
leads to the following energy levels for the torsional oscillation in C 2 H 6 : r 12 =l, 
275 cm - * 1 ; v 12 =2, 520 cfh -1 ; in C 2 D 6 : v 12 =l, 200 cm"” 1 ; v 12 =r2, 380 cm - * 1 (each of 
these levels really consists of four slightly distinct levels, two of which are doubly 
degenerate, as shown in Fig. 15b). While these levels are in very good agreement 
with the specific heat data, the value 520 cm*” 1 leaves the weak Raman line at 
620 cm - * 1 unexplained (the 620 line may be ascribed to 2via if the potential barrier 
is nearer 3400 cal/mole than 2750 cal/mole). 
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taking into account the Van der Waals attractions between the hydrogen 
atoms in the two CH 8 groups, Eyring 8 has calculated the potential F(q>) 
and found 2A~350 cal/mole, with the minimum at the Dm configuration. 
This theoretical value is far too low compared with the value~3000 cal/ 
mole obtained from the thermal data. The cause of this great discrepancy 
is not known. 8 From the spectroscopic data now available, it is not yet 
possible to draw a definite conclusion as to whether the D$h or the D%& 
configuration is the one of stable equilibrium, although it seems that the 
D$h seems slightly more satisfactory. 9 

Let us now consider the potential of the C 2 H 0 molecule. With 
the potentia l (178) and the two infrared parallel frequencies v 4 —1380, 
v e =2926 which are quite definite, one obtains 

A-ch = 4.87 , k a = 0.92. (183a) 

With these values and the assignments Vi=993, v 2 =1375, v 3 —2927 of 
Crawford, Avery & Linnett, equations (179) lead to no solutions for 
the constants kcc and k 2 . They can be satisfied, however, approximately 
by the values 

kcc = 4.50 , k 2 = 0.19. (183b) 

Recently, Stitt 10 has employed a potential that contains in addition to 
the terms in (178) also cross terms in the various angles d and <p. With 
such a potential, the eleven frequencies v* to vu in both C 2 H 0 and C 2 D 6 
can be reproduced fairly well. We shall give these calculated frequen¬ 
cies in Table LXXXV below. 

8 H. Eyring, Jour. Am. Chem. Soc. 54, 3191, (1932). Eucken and K. Schafer, 
Naturwiss. 27, 127, (1939), showed recently by a pure electrostatic consideration 
and a qualitative wave mechanical calculation that the energy difference between 
X) 3tf and Dg* is /v* 3000 cal/mole, with the latter more stable. See (9) below. 

9 It has been shown by Crawford, Avery & Linnett, footnote (2), that a 

satisfactory assignment of the infrared and Raman frequencies can be given 
on either the D t ^ or the D Sd model, but the numerical agreement between the calcu¬ 
lated and the observed frequencies is slightly better in the case of the model. 
The weak Raman line at 820 cm"" 1 , if it is really due to C 2 H 6 , can only be explained 
as Vfl and according to the selection rules in Table LXXXII, the symmetry must 
be Dga* If one accepts Barker's assignment in Tables LXXXIII and LXXXIV, 
then the symmetry must be D dJi because of the appearance of v? in the Raman 
spectrum. On the other hand, the interpretation of the heats of hydrogenation of 
a number of unsaturated cyclic hydrocarbons favors the Z> 3d as the more stable con¬ 
figuration, as given in a preliminary remark by Kistiakowsky, Lacher and Stitt, 
Jour. Chem. Phys. 7, 289, (1939). 
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la) C 2 D 6 (hexadeutero-ethane) 

Recently, Stitt 1 has studied the absorption (under low dispersion) 
and the Raman spectrum (polarization measurements) of C 2 D 6 . The 
observed data and their interpretations are summarized in Table LXXXV, 
together with the corresponding frequencies in C 2 H 6 and the calculated 
frequencies obtained by Stitt with a potential function containing 9 
constants (for the D 3< t model). 


1 
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Table LXXXV. Vibrational spectra of C 2 D« and C 2 H 6 


The torsional frequency 200 cm -1 in C 2 D fi is obtained with the 
potential (182) and the value 2A=2750 calories/mole. The specific heat 
of C 2 D a has been recently measured by Kistiakowsky and his coworkers 
down to the temperature of 93 °K. 2 The calculated specific heat obtained 
with the frequencies in LXXXV is in very good agreement with the 
observed values. Another check for the correctness of the assignments 
of the fundamental frequencies in C 2 D a and C 2 H« is furnished by the 
socalled “product rules” which are relations connecting the products of 
the frequencies of vibrations belonging to the same symmetry class and 

10 F. Stitt, Jour. Chem. Phys. 7, 297, (1939). 

i F. Stitt, Jour. Chem. Phys. 7, 297, (1939). 

* G. B. Kistiakowsky, J. R. Lacher & F. Stitt, ibid., 7, 289, (1939). 
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of the frequencies of the corresponding vibrations in an isotopic molecule 
(the last equation in (179), for example). It is found that when due 
account is taken of the anharmonicity corrections, the frequencies given 
in Table LXXXV satisfy these “product relations” very well. 

Just as in the case of C 2 H 0 , it is as yet not possible to decide on 
the symmetry (Dsh or £),<,) of the molecule from the vibrational spec¬ 
trum, since the few Raman lines and infrared bands can be equally well 
accounted for in accordance with the selection rules for both models. 

2) Si 2 H 6 , 3) C 2 C1«, 4) Si 2 Cl 0 , 5) R 2 H 6 

These molecules are presumably of the ethane type. Their Raman 
spectra have been studied by various authors', but the data are too 
meagre for a complete determination of the normal frequencies of the 
molecules. Table LXXXVI summarizes the observed data and their 
tentative interpretations. Until more data are available, we shall refrain 
from any calculation of the force constants of these molecules.'* 

1 Si 2 H 6 and Si 2 Cl c , F. Stitt & D. M. Yost, Jour. Chem. Phys. 5, 90, (1937) ; 
C 2 C1 6 polarization data from F. Heidenreich, Zeits. f. Physik 97, 277, (1935); BjjH^, 
T. F. Anderson & A. B. Burg, Jour. Chem. Phys. 6, 568, (1938). The 980 cm”” 1 2 * * of 
C 2 C1 6 was observed only by Ananthakrishnan, Proc. Ind. Acad. Sci. A 5, 285, (1937). 

2 From the three totally symmetrical vibrations in C 2 H c , Si 2 H u , B 2 H 6 , Ander¬ 
son and Burg, loc. cit., have calculated the constants in a simple valence force 
potential ( k 2 ~0 in 178). The values for the C — C, Si —Si, B —B bond constants 
are 5.6, 1.7, 3.57 xlO 5 respectively. The bond distances calculated from the Badger 

o 

relations with these constants are 1.35, 2.13, 1.48 A compared with the electron 
diffraction values 1.55, 2.32, 1.86 A respectively. The differences they attribute to 
a state of compression of the two central atoms which may arise from the inter¬ 

actions between the H atoms in one YH 3 groups and the X —H bonding orbitals in 
the other YH a group. But this can hardly explain the differences between the 
calculated and the observed bond lengths, for if the central atoms are actually com¬ 
pressed, the effect would also manifest itself in the electron diffraction values. It 
is more probable that the force constants are too high. See Sec. 3, B, 4) CF 4 , foot¬ 
note (6), and the C — C constant in (183b). 
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Table LXXXVI. Raman spectra of Si 2 H«, C 2 C1«, Si 2 Cl fl , B 2 H, 

B) Ethane Derivatives 

1—5) 1,2 dihalogen derivatives of ethane 

In view of the question concerning the internal rotation or tor¬ 
sional oscillation in the ethane molecule, the study of the spectra of the 
1,2 dihalogen derivatives of ethane is also of considerable interest. 
The infrared spectra of C 2 H 4 C1 2 , C 2 H 4 CIBr, C 2 H 4 Br 2 , CsKUClI, C 2 H 4 I 2 
in the region between 500 and 1400 cnr 1 have been studied under low 
dispersion by Cheng and Lecomte 1 ; the Raman spectra and polarization 
characters have been studied by Cheng and others. 2 Of special interest 
is the study by Mizushima and Morino^ of the Raman spectra of C 2 H 4 C1 2 
and C 2 H 4 Br 2 in the solid state at — 40°<7. They found that a large num¬ 
ber of lines in each molecule disappeared at this temperature while other 
lines remained undiminished in intensity. On regarding these molecules 
as 4-particle sy*stems X— (CH 2 ) — (CH 2 ) — X, Cheng and Lecomte and 

1 H. C. Cheng & J. Lecomte, Jour, de Phys. et Rad. 6, 477, (1935). 

2 H. C. Cheng, Jour, de Chim. Phys. 32, 715, (1935); Kohlrausch & Ypsilanti, 
Zeits. f. phys. Chem. B 29, 274, (1935) ; B. Trumpy, Zeits. f. Physik 93, 624, (1935) ; 
Ananthakrishnan, Proc. Ind. Acad. Sci. A 5, 285, (1937)); J. Cabannes, Jour, de 
Chim. Phys. 35, 1, (1938). 

8 S. Mizushima & Y. Morino, Bull. Chem. Soc. Jap. 13, 182, (1938). 





Eight-atomic Molecules 


307 


the other authors concluded that both the trans and the cis forms of 
these molecules exist and that an assignment can be given of the infrared 
and Raman frequencies to the 6 fundamental vibrations in each isomer 
on considerations of the selection rules. It has been shown by Wu 4 that 
a satisfactory assignment can also be given to the 18 normal vibrations 
of each molecule regarded as an 8-particle system. Table LXXXVII 
gives the selection rules for both the trans and the cis isomers; Table 
LXXXVIII summarizes the observed data; and Tables LXXXIX and XC 
give the assignments. 
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Table LXXXVII. Selection rules of trans & cis XCH 2 —CH 2 X. 

The assignments given in Tables LXXXIX and XC are guided by 
the following considerations of the nature of the various normal vibra¬ 
tions. In class A or A u one vibration is roughly a vibration in the C—C 
bond, one in the C—X bonds, two are the symmetrical valence and de¬ 
formation vibrations vj and v 2 in the CH 2 groups, one is the deformation 
vibration of the (CH-) grc-u,with respect to the C—C axis, and one 
the deformation vibration of the (CH 2 X) groups with respect to the 
C—C axis. In class B or B u the vibrations are essentially the same as 
the last 5 vibrations in class A or A u except that the vibrations in the 
two CH 2 X groups are out of phase. In class B' or B 2 , one vibration 
involves the valence vibration v 8 in the CH 3 groups, one a turning of 
the CH a groups about the bisectors of the H—C—H angles, and one a 
motion of the C atoms perpendicular to the plane of X—C—C—X. In 
class A' or A 2 , three of the vibrations are the out-of-phase vibrations of 
those in class B' or B 2 , and the last is a torsional vibration of the two 
CH 2 X groups. 


< T. Y. Wu, Jour. Chem. Phys. 7, Oct. (1939). 
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' 668p(9) 669s 

: 551(8)p 550# 

510(5) 




675(8 )d 076s 

630p(8) 631s 

583(2)d 587# 

574(10) 

676s 

! 612 


707 s 

C02d?(5) GG4?i> 


656(2) 

666s 


636s 

*754.16)p 

720p(14) 7 22s 

*669(15)p 

703(12) 

70 2s 

682 


769 w 

766?/; 

760s 


740w 


720s 

880(1)d 878m 

8-72 (»/ 2 ) 858m 

i 884(y s )d 884s 

820(0) 

817m 


778 m 

940(2)p 9l0?n 

919p(2) 917 m 

| 897(I)p 896m 

904(0) 

896 w 


840 w 

*9S9(1) 


*930(1)p 





1031 ( 1 ) loirn/; 

J0I9 (0) 1020w 

1 1019(>/ 2 )? 





*1052(1)p 

1000 (3) 

*I052(6)d? 

1040(3) 

1030m? 



1002wjv 

1090 wu 

’ 1 1075wi<\ 




1040w 

1I44( % )d 

I120( %) 

' 1096 ? j 





1206(2)d 

1180(V 2 ) 


1150(4) 




1243 m 

1200(3) 1201m 

1191s 


1132m I 


U28s 

*|262(%)d 

1256(2) 

*11(9(%)d 

1231(0) 




•1302(2)p 

1280(4) 

*1256(I0)p 

1270(4) 

! 



J8®3(%) 

1346(0) 

: 1295(1)p 


1 



1429(3 )d 1400m 

1425(3) 1400m 

1 1419( 1 )d 1400m 

1435(1) 

14 00m | 


1400m 

*1440(%)d 

2844(1 )? 

2803(1) 

j*1436(2)d | 

1 2950(6)p 


j 



*2872(1)p 


*2852(1 )p j 


1 



*29>0(12)p 3000s 

2962(10) 

|*2970(8)p 3000s 

2952(0) 

| 



*3002(4)d 

8010(2) 

!*30!2(2)d 


i 





! 132(2)7 







! 320(%)? j 






. 

470(%)? i 







j 790(0)? 






Table LXXXVIII. Vibrational spectra of 1,2 dihalogen ethanes. 
The frequencies marked with * are those which do not disappear in the 
Raman spectra of the crystals at —40° (7. 


In the actual assignments, those frequencies that do not disappear 
in the Raman spectra of the solids at —40°C are ascribed to the trans 
forms 5 , while those appearing in both the absorption and the Raman 
spectra must according to the selection rules be ascribed to the ds forms. 


5 That only the trans form is present in the solid at low temperatures is 
supported by the observation of A. H. White & S. O. Morgan, Jour. Chem. Phys. 
6, 655, (1937), that there are sudden drops in the values of the dielectric constants, 
of these substances at lovr temperatures. 
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A 

Vc-o 

v O-X 

vi(CH 2 ) 

8 in CH 2 

| 8(CH*) 

6(CH*X) 


Ra. Inf. 

Ra. Inf. 

Ra. Inf. 

Ra. Inf. 

Ra. Inf. 

Ra. Inf. 

Br-Br 

930p - 

658p - 

2970p - 

1250p - 

105 Id? - 

187p - 

Br-Cl 


720p 722 


1280 

1050 

211p 

Cl -Cl 

990 - 

750p - 

2956p - 

1302p - 

1052p - 

300p - 

Cl-I 


703 702 


1270 

1040 1030 


i-i 


682 

— 

— 




B 

v O-X 

vi( CH«) 

6 in CH 2 

6 V CH 2 ) 

8(CIijX) 


Br-Br 

_ 

- 3000 

- 1400 

- 1075 



Br-Cl 

662d 664 

3000 

1400 

1090 



Cl-Cl 

- 707 

- 3000 

- 1400 

- 1082 

— 


Cl-I 

665 655 

3000 

1400 




I-I 

- 635 

- 3000 

- 1400 

- 1040 

‘ 



B' | 

V 8 (CHj) 

turning 
of CH 2 

6'(CH 2 X) 




Br-Br 

Br-Cl 

3012d - 

1436d - 

1169d — 




Cl-Cl 

3002d - 

I440d - 

1265d — 




Cl-I 

I-I i 

i 

- 


- 





vs(CH 2 ) j 

_ _ ! 

turning 
of CH 2 

6'(CH 2 X) 

torsion 



i 

Br-Br 1 

- 3000 1 

- 1191 

- 750 

_ 



Br-Cl I 

3000 

1200 1201 

756 




Cl-Cl 1 

- 3000 

- 1243 

- 760 

— 



Cl-I 

3000 

1132 

740 




I-I 1 

i 

- 3000 

I 

- 1128 

- 720 



Table LXXXIX. Fundamental frequencies of 1, 2 dihalogen ethanes ( trans ) 


The presence of the weak and polarized lines 2872 cm - " 1 in trans 
CjHLjCls and 2852 cm -1 in trans C 2 H 4 Br 2 can be explained as arising 
from a resonance between the A fundamental and the harmonic of the 
B' fundamental at ca. 1440 cm -1 . The depolarized lines 123 cm -1 in 
CsH*Cl a and 92 cm -1 in C 2 H 4 Br 2 which are not found in the solid at 
—40°C must be ascribed to the torsional vibrations of the cis forms, as 
there is no other place for such a low frequency fundamental (see Table 
XC) and there is no simple way of assigning them to difference frequen¬ 
cies. Hence it may be concluded that the vibrational spectrum data 
establish the existence of both the trans and the cis forms in the liquid 
at ordinary temperatures. 






310 


Empirical Results 


A1 

Vox 

v ox 

: vj(CHj) j 

6 in CH 2 

6(CH 2 ) 

8(CH 2 X) 

Ra. Inf. 

I Ra. Inf. 

Ra. Inf. | 

Ra. Inf- 

Ra. Inf. 

Ra. Inf. 

Br-Br 

Br-Cl 

Cl-Cl 

Cl-I 

I-I 

897 p 896 

9 l9n 917 
940p 940 
904 896 

1 840 

55 1 p f>50 
568p 569 
653p 653 
,510 

2950p 3000 
3000 
2956p 3000 
3000 
3000 

1295p 

1393? 1400 

1019? 1000 

1031? 1015 

230p 

246p 

264p 


Bi 

Vx 

vi(CH 2 ) 

a in ch 2 

8(CH 2 ) 

8(CHjX) 


Br-Br 

Br-Cl 

Cl-Cl 

Cl-I 

I-I 

! 

! 583d 587 

630p 631 

675d 675 

574 576 

512 

30I2d 3000il4l9d 1400 
3000 1400 

3002d 3000 I429d 1400 
3000 1400 

3000 1400 

1086? 

1120? 

111-1 d 

.858d 

880d 

41 Id 

a os 



b 2 

: v s (CH:) 

turning 
of CH 2 

! 

| 8'(CH 2 X) 




Br-Br 

Br-Cl 

Cl-Cl 

Cl-I 

1-1 

3012d 3000 
3000 
3002p 3000 
3000 
3000 


834d 834 
852 858 

880d 880 
817 
77S 




A 2 

vs(CH 2 ) 

turning 
of CHj 

8'(CII 2 X) j 

1 

torsion 



Br-Br 

Br-Cl 

Cl-Cl 

Cl-I 

. i!012d - 

| a002d - 

- 

1187? - 

1180? 

1206? - 
1150 

92d - 

I2ad - 



I-I 

! 


1 

" 


Table XC. Fundamental frequencies of 1,2 dihalogen ethanes ( cis ) 


The temperature variations of the electric moments of the C 2 H 4 CI 2 , 
C 2 H 4 ClBr, C 2 H 4 Br 2 have been studied by Zahn and by Williams . 0 From 
the observed increase of the electric moments with temperature, Altar 
and more recently Beach and Stevenson 6 7 have tried to determine the 
potential V (<p), represented by a two-term Fourier series and a cosine 
function respectivelyfor the relative orientation cp of the two CH 2 X 

6 C. T. Zahn, Phys. Rev. 38, 521, (1931); 40, 291, (1932); E. W. Greene & 
J. W. Williams, ibid., 42, 119, (1932). 

7 W. Altar, Jour. Chem. Phys. 3, 460, (1935); J. Y. Beach & D. P. Stevenson, 
ibid., 6, 635, (1938). 
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groups. The assumption is made that the number of molecules with the 
two groups at an angle <p is proportional to the Boltzmann factor exp 
(— V/kT ). The potentials so obtained have their minimum at the trans 
position which is about 4-5 kcal/mole below the maximum at the cis 
position. On the same assumption concerning the distribution of mole¬ 
cules according to the Boltzmann factor, Beach, Palmer and Turkevich 8 
have calculated the intensity patterns of the diffracted electrons with 
potentials V (c p) obtained by combining the electrostatic repulsions be¬ 
tween the halogen atoms and the exchange repulsions between the various 
atoms in the two CH 2 X groups calculated by the method of Eyring 9 for 
the ethane molecule, and compared with the observed intensity patterns 
for C 2 H 4 CI 2 , C 2 H 4 ClBr and C 2 H 4 Br 2 . They found that after a semi- 
empirical correction that raises the calculated potentials near the cis 
position by about 2 kcal/mole, the calculated intensity patterns approxi¬ 
mate the observed ones very well. These resultant potentials place the 
trans positions in these molecules at about 6 — 7 kcal/mole below the 
maxima at the cis positions. With these potentials, however, the 
Boltzmann factor at room temperatures is so small that no Raman lines 
of the cis forms of these molecules should have been observable at all. 

To understand this difference, it has been suggested by Wu 4 that 
the theoretical potentials of Beach et al may not be correct since the 
same method of calculating the exchange repulsions in the ethane molecule 
has led to the value 350 cal/mole for the potential barrier in complete 
disagreement with the value 3000 cal/mole established on specific heat, 
entropy and spectrum data (see last section on C 2 H<*») ; that on accepting 
the empirical value 3000 cal/mole and the symmetry i> 3 fc 10 , it is not 
difficult to introduce a relative minimum in the potential at the cis posi¬ 
tion, which is still 5-6 kcal/mole above the minimum at the trans position 
and about 1 kcal/mole below the top of the potential barrier; and that 
such a potential can still be consistent with the temperature variations 
of the electric moments and the electron diffraction data. Such a poten¬ 
tial, however, will explain the spectra of the cis isomers in Table XC, 
and in particular the torsional frequencies. The existence of a potential 
barrier between the trans and the cis positions requires, however, an 
activation energy for the transformation of one isomer to the other, and 
implies a dependence of the relative populations of the two configurations 

8 Beach & K. J. Palmer, ibid., 6, 639, (1938); Beach & A. Turkevich, Jour. 
Am. Chem. Soc. 61, 303, (1939). 

9 H. Eyring, Jour. Am. Chem. Soc. 64, 3191, (1932). 

See footnote (8) in section on C 2 H G , however. 
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on the conditions under which the substance is treated. Further theore¬ 
tical study of the interactions between the atoms in the two CH 2 X groups 
and experimental work on the electric moments and the spectra of these 
molecules under different conditions will be necessary to settle this 
problem. 


6 ) C 2 H 2 CI 4 , 6a) C 2 D 2 C1 4 , 7) C 2 H 2 Br 4 

The Raman spectra of these molecules have been studied by a 
number of authors 1 . Because of the closeness of low frequency Raman 
lines, any assignments of the fundamental frequencies as given for the 
1,2 dihalogen derivatives in Tables LXXXIX and XC will be uncertain, 
especially in the absence of infrared data. From the large number of 
Raman lines observed (9 polarized lines in C 2 H 2 C1 4 and 14 in C 2 H 2 Br 4 ), 
it seems that more than one forms of the molecules are responsible for 
the observed spectra. 


C 2 H 2 C1 4 


90 w p 
171(5)p 
224(2) 
238(4)p 
289(4)0.7 
824(0) 
«63(8)p 
400(?)p 
044(2)d 
047(6)p 
760 w p 
799(7b)p 


10J7(1) 
1216(1)d 


1242(0) 

1276(0) 

1306(0) 

2983(9)p 


C 2 D 2 C1 4 


89(4b ) 
176(4) 
22S( '4 ) 
240(3) 
292(4) 
316(0) 
361(7) 
398(1) 
633(2) 
623(6) 
701(2) 
738(6) 


829(1) 
840(3) 


1003(%) 

1098(14) 

2339(6) 


C 2 H 2 Br 


61(6b)d 
147(4) p 
175(6) d 
184(1) d 
19704 )d 

220(10)p 

242(1) p 
450(4) d 
637(8) p 
666(4) p 
713( 16)0.68 
740(0) p 

800(0) d 
1012(3) p 
1030(1) p 
1I40(1) d 
1151(2) d 
1196(4) p 
122204 )p 
1260(»/ 2 )d 

1281(1) p 

1406( Vz )p 
2986(4) p 


Table XCI. Raman spectra of C 2 H 2 C1 4 , C 2 D 2 C1 4 , C 2 H 2 Br 4 


i B. Trumpy, Zcits. f. Physik 93, 624, (1935); 98, 624, (1936); H. Gockel, 
Zeits. f. phys. Chem. B 27, 79, (1935); Kohlrausch and Ypsilanti, ibid., B 29, 274, 
(1935); R. Ananthakrishran, Proc. Ind. Acad. Sci. A, V, 285, (1937). 
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§7. Nine-atomic Molecules 
1) Cyclopropane C 3 H 6 


The infrared and the Raman spectra of the cyclopropane molecule 
have been studied by a number of authors. 1 The classification of the 
observed frequencies has recently been discussed by Linnett. 1 The 
symmetry properties and the selection rules for the normal vibrations 
are given in Table XCII and the assignments of the observed frequencies 
in Table XCII1. 



Vibrations 

Symmetry 

Secletion 

rules 

Notation 

Nature 

class 

Oh 

a v 

Infrared 

Raman 

Vl 

vi in CH 2 

A’ i 

s 

8 

ina. 

P 

v 2 

v 2 in CH 2 

A’\ 

8 

8 

ina. 

P 

v 3 

vi in C 3 ring 

A' i 

S 

S 

ina. 

P 

1 V 4 torsion of C 3 ring 

relative to the H 3 rings 

A' 2 

8 

a 

ina. 

ina. 

V5(2) 

vi in CH 2 

E* 

8 

deg. 


d 

v # (2) 

V 2 in CH 2 

E 1 

8 

deg. 

1 JL 

d 

v 7 (2) 

bending of CH 2 

E' 

8 

deg* 

1 -L 

d 

V 8 (2) 

v 2> 8 in C 3 ring 

E* 

s 

deg. 

! -L 

d 

V 9 

torsion of the 
t wo Us rings 

A" i 

a 

ffi I 

1 

ina. 

ina. 

V10 

vs in CH 2 

A” 2 

a 

s 

II 

ina. 

VII 

tilting of CH 2 

A " 2 

a 

S j 

li 

ina. 

V|i(2) 

vs in CH 2 

h” 

a 

deg. 

ina. 

d 

vis(2) 

tilting of CH 2 

E” 

a 

deg. 1 

ina. 

d 

vm(2; 

twisting in CH 2 

E" 

a 

deg. 1 

ina. 

d 


Table XCII. Normal vibrations & selection rules of C 3 H G 


In the infrared work, the dispersion obtained with the use of 
prism instruments is only moderate. The v 6 ~3000 cm"" 1 band is over¬ 
lapped by the intense band vio~3049 cm"" 1 , and the V7~1022 cm"” 1 band 
by the vn~1041 cm" 1 band, their existence being revealed only by an 
asymmetry in the stronger bands. It would be desirable to examine the 


l Raman spectrum: Lespiau, Bourguel & Wakeman, Bull. Soc. Chim. 4, 51, 
400, (1932); Kohlrausch & Koppl, Zeits. f. phys. Chem. B 26, 209, (1934); polariza¬ 
tion data from Ananthakrishnan, Proc. Ind. Acad. Sci. 4, 82, (1936); Harris, Ashdown 
and Armstrong, J* Am. Ch# Soc- 58, 852, (1936). 

Infrared spectrum: L. G. Bonner, Jour. Chem. Phys. 5,^704, (1937), 1.5—15^; 
King, Armstrong & Harris, Jour. Am. Chem. Soc. 58, 1580,. (1936), 0.8—10^; J. W. 
Linnett, Jour. Chem. Phys. 6, 692, (1938), 1.5—25^. 
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Observed frequencies j 

Assumed 

Assignment 

Infrared 

Raman | 

i 

freq. 

f v i 

! 


r 2962 p 


< 2 v 2 

resonance 1 

— 

1 8010 p 


l 4V14 



l 8028 p 


/ v. 


— 

f 1454 


l £v 14 

resonance 


\ 1508 p i 


V9 


— 

1187 p 


V 4 


— 

— 

1070 

Vo 

1 

ca. 8000 



V 0 


i486 s 

J 484 


V 7 


ca. .1022 w 

1022 


Vg 


800 s 

808 


v 9 


— 

— 

1000 

V 10 


80-19 8 

i 


Vll 


ion s 



V i2 


— 

8080 : 


via 


— 

? 

1250 

Vi 4 


— 

710 


V 13 -V 8 



882 ; 


V) +Vi4 


1789 m 

> 


V11+VJ4 


1779 w 



V7 4*V8 


1890 s 

1878 j 


V 4 -+V7 


2088 ft 



V 6 +Vll 


2179 w 



v 2 -fvs 


2881 w 

1 


V 2 +V 7 or V 1 4 V 6 

2491 w 

j 


V3 +V 6 


2082 w 

! 


2 Vfi 



2850 


V 1 +V 8 , 

V.3+V8 

8840 iv 

| 


V5+V13 , 

va 4-V-) 

4200 w 



Vi+vs.v^+vojVi+vs, etc. 

1460 w 



V5 + 2V4,Vj 

2 + 2 v 7 , etc. 

6128 vw 



2V5, 2Vj 

2 , etc. 

0020 w 




Table XCIII. Vibrational spectrum of C 3 H< ; 


absorption bands under higher dispersion and resolving power so that 
the distinction between the parallel and the perpendicular type bands 
can be made from the band contours. 

From the three totally symmetrical vibrations, it is possible to 
determine the constants in the simple valence force potential 

2V = 3fc, ( bx) 2 + 6 k (8r) 2 + 3fee (r5e) a , (184) 

where x is the C—C distance, r the C—H distance, and a the H—C—H 
angle. The determine ntal equation gives 
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Xi+X 2 +X 3 =( * +-jj cos e ) fc + 2 (* ~ ^ cos 0 ^/ce+ ^ k u 
Xi1 2 +X'zX3 + Xj1i= (k + 2 lie) k 1 + A: A*o 

AiA»A3= w 2^A; Af t A;o , (185) 

where n=mM/ (Af+m). With the values vj^BOOO, v 2 ~1485, and V8^1187 
cm -1 , one obtains 

A ch = 4.85, kcc = 5.17, 2 A'o = 0.44. (186) 

§8. Ten-atomic Molecules 

1) Dimethyl acetylene C 2 (CH 3 ) 2 

The structure of this molecule can be expected to be like that of 
ethane with the difference that there are two more C atoms between 
the two CH 3 groups. Since the H atoms in the two groups are much 
farther apart than they are in ethane, it is very probable that the two 
CH 3 groups are more or less free to rotate with respect to each other 
about the axis of symmetry. In any case, the symmetry properties of 
the normal vibrations will be those given in Table LXXX for the ethane 
molecule. There are 4 totally symmetrical vibrations of the A t class; 
3 parallel vibrations of the class A-,; 4 doubly degenerate vibrations of 
the class E (or E' or E u ) ; 4 doubly degenerate vibrations of the class 
E (or E" or E„); and one degree of freedom for the internal rotation 
(or torsional oscillation). These make up the 24 vibrational degrees of 
freedom for the molecule. The selection rules for these normal vibra¬ 
tions are given in Table LXXX. 

The nature of these normal vibrations can be roughly described 
as follows. Of the 4 Raman effect active vibrations, one is mainly 
determined by the C = C bond, one by the C—C bond, one by the valence 
vibration v a (l) in the CH 3 group, and one by the deformation vibration 

2 The value 5X10 5 obtained here for the C —C bond constant is to be compared 
with the value 4.0 XlO 6 obtained by L. G. Bonner, Jour. Chem. Phys. 5, 293, (1937), 
by treating the cyclopropane molecule as an equilateral triangle with particles of 
mass 14 at the vertices. This difference shows that neglecting the coupling of the 
motions of the C and the H atoms leads to too low a value for the C —C bond 
constant, and that such a calculation cannot be used to obtain accurate values of 
potential constants in general. 




816 


Empirical Results 


v 3 (l) in the CH S group. The 3 parallel, infrared active vibrations are 
the out-of-phase vibrations of the last 3 mentioned above. Of the 8 
doubly degenerate vibrations, 2 are essentially the in-phase and out-of- 
phase valence vibrations v 2 (2) in the CH 3 groups, 2 arise from the de¬ 
formation vibrations v 4 (2) in the CH 3 groups; and 4 arise from the 
bending- of the linear six-particle molecule (H 3 )-C-C-C-C-(H 3 ) similar 
to the diacetylene C 4 H 2 molecule. These approximate considerations will 
furnish a guide for the assignment of the fundamental frequencies. 

The 7 parallel vibrations can be easily treated by the normal coor¬ 
dinate method. We shall assume the modified valence force potential 


2V = (&£)*+- 2* 8 (8r e )* +6fce(r59) + 6A-cp (sSqp) 2 + 6k (5r)* 

+ 4k s (bR) (5r 0 ) + 12M8r c ) (s5q>), (187) 

in which R is the C = C distance, r Q the C —C distances, r the C—H dis¬ 
tances, # the H—C —H angle, and <p the H—C—C angle. The determi- 
nantal equation gives for the four totally symmetrical vibrations 


k + B k a + 2(k 1 +k 2 —2k z ) — 6 sin cp k A J , 

2 hh ==~? f t\(k 1 k 2 ~-2kl) + (Ak + Bka)(k l --2k i ) + (Ck + Dk*)k 2 

jjzj m L 

+ kk a -3 Sin q>( % k + 2k l -2k s )k<-3Dkij , 

Xhhl* = m 2 M l(k + ka)(k 1 k 2 -2k* i ) + *L±*™ { k 1 -2k t )kka+ 

2 Jf + SHL jcktka + 6 sin <p(fci— k % )kk^— 3 (\k x -k) fcjl , 

2 7YI 




(188) 


where 


fta = *<p + fce(r/ S )’ 


^.+3cosV B-M. + 3 S in>, C-*(A + f-), + 


1 The determinantal equaion for the parallel vibrations has been given by 
G. Glockler & F. T. Wall, Jour. Chem. Phys. 5, 813, (1937), for a simple valence 
force potential, viz., fc 4 =k ? :=:0 in (187). 
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The equations for the antisymmetrical vibrations v 6 , v 6 > v 7 can be ob¬ 
tained from these by setting k^-k^-O. From the four Raman and the 
three infrared frequencies, it should be possible to determine the seven 
constants (of which fee and kq, appear only in combinations) in the 
potential (187). The treatment of the degenerate vibrations is too com¬ 
plicated to be given here; but when one’s interest is mainly in the valence 
bond constants, the above relations are sufficient. 

The Raman spectrum of dimethyl acetylene was studied by 
Glockler, Davis and Renfrew. No infrared spectrum data seem to have 
been given. The following table summarizes the Raman spectrum data 
and their tentative interpretations on the basis of the foregoing con¬ 
siderations. 


Suggested assignment 

Raman frequencies 


i 

(liquid) 


„ i 

V« ? E 

213 

(lb) 


Vj 2 E(6 in C-C»C—C) 

374 

(5b) 


774-374 or v 9 E 

400 

(0b) 


v 18 E(6 in CHs-C-C-CHg) 

687 

(3b) 


f 2 V|J 

f 697 

(4s) 


S Vj A,(C—C) 

< 77 :u> 

(4s) 


Uv*, 

l 788.5 

(3s) 



1029 

(3s) 



(1243) 

(0b) 


v 4 v4i(5 in CHg) 

1379 

(5b) 


Vn orvj6 E(d in CHs) 

1447 

(4b) 


| ^ in mol. with C 18 

f 2201.4 

X 2280.2 

(IS) 

(IS) 


fvj 1 ,4KOC) 

f 2234.6 

(OS) 


l 3vi 

( 2312.6 

(6s) 


2V4 

2736.8 

(2S) 


/ 2vn, 2E(6 in CH S ) 

/ 2fi6L8 

(4s) 


( vs ^4i(CHs) 

( 2920 

(7s); 2938 in gas 


vioorvj4 E(v in CHs) 

2961 

(3b) 



Table XCIV. Raman spectrum of C 2 (CH 8 ) 2 . Numbers in pa¬ 
rentheses give the relative intensities, “b”, “s” means the line is broad 
or sharp respectively. 

On intensity and order of magnitude considerations, the assign¬ 
ments of the totally symmetrical vibrations seem to be quite definite. 


2 G. Glockler and H. M. Davis, Jour. Chem. Phys. 2, 881, (1934); Glockler 
and F. T. Wall, Phys. Rev. 51, 529, (1937), gaseous C 2 (CH 3 ) 2 ; Glockler and M. M. 
Renfrew, Jour. Chem. Phys. 6, 408, (1938), made some corrections to the inter¬ 
pretation given in the first paper. The modes of vibrations given by the first paper 
seem to be not quite correct, for 8 frequencies were assigned to parallel vibrations 
while there can be only 4 such fundamentals. 
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The appearance of two intense lines at 2234 and 2313 cm”" 1 can be under¬ 
stood from a resonance interaction between the A, (C C) fundamental 
and the second harmonic of the A a (C—C) fundamental. Similarly, the 
two lines at 2862 and 2920 cm~ i can be ascribed to the resonance between 
the A\ v 3 (CH 3 ) fundamental and the first harmonic of the deformation 
vibrations in the CH 3 groups in either the A, or the E class. The as¬ 
signments of the degenerate fundamentals are less certain as the observed 
weaker lines may not be all fundamentals while some of the fundamentals 
may not have appeared because of low intensities. A study of the in¬ 
frared spectrum must be most useful for ascertaining the fundamental 
frequencies and hence the potential energy of the molecule. 

As the three infrared active parallel fundamentals v 5 , v 6 , v 7 are 
not known, it is not possible to determine the six constants in (187). 
In a first approximation obtained by neglecting the terms and k iy and 
with 

v x = 773.5, v 2 = 2274, v 8 =2920, v 4 = 1379 cm" 1 , 
we obtain 

kc—H = 4.70, kc^jc = 6.8, k C mc = 14.4, k a = 0.92. (189) 

These values are very rough, since the terms in fe 3 and fc 4 have been 
neglected and since the frequencies are obtained for the liquid and have 
not been corrected for the anharmonicity. The C—C and C =C bond 
constants differ, however, enough from their values in C 2 H<j and C 2 H 2 , 
viz., kcc—A -5 in (183) and kfec?=17 in (58), to suggest some double 
bond contributions as the result of reasonance. Recent electron diffrac- 

o 

tion measurements give for the bond distances r(C=C) ~ 1.195A and 

o 

r(C — C) = 1.474A in dimethyl acetylene. 3 The smaller distance in C — C 
compared with the pure single bond distance 1.53A indicates some double 
bond character, in agreement with the above evidence. 

§9. Twelve-atomic Molecules 

The number of twelve-atomic molecules, especially in organic 
chemistry, is enormously large, and of these there is quite a large num¬ 
ber whose Raman spectra have been studied. Such spectra can be 
expected to be very complicated. Only a few molecules, however, have 
high enough symmetries to permit a complete analysis of the vibrational 
spectra. For this reason, we shall only consider the benzene molecule 
and some of its derivatives. 

8 L. Pauling, H. D. Springall & K. J. Palmer, Jour. Am. Chem. Soc. 61, 927, 
(1939). 
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The structure of the benzene ring is one of the most important 
problems in organic chemistry. Simply speaking, the problem is to 
obtain a structural formula, viz., the arrangement of the nine C—C 
valence bonds, that accounts for the special stability of the ring. 
Various formulae have been proposed, but a clear understanding was 
not obtained until the concept of quantum mechanical resonance was 
applied. It was shown by Pauling and Wheland 1 that as the result of 
the resonance among the five structures 



Fig. 38. Canonical structures of benzene molecule 


the wave function of the normal state of the benzene molecule is a 
linear combination of the wave functions of the five structures, viz., 

^ = 0.6216 (ipi + i|>u) 4- 0.2711 (^m 4- 4i V 4- ijv)- (100) 

We shall not enter into the question concerning- the increased stability 
of the molecule arising from this resonance. Suffice it to say that the 
wave function above gives a hexagonally symmetrical structure for the 
normal electronic state in complete agreement with the vibrational 
spectrum data, as we shall see below. 

1) C(;H(; (benzene), la) C«D G 

The infrared and the Raman spectra of the benzene molecule have 
been studied by a large number of workers. The observed data have 
been summarized by Kohlrausch 1 and by Angus, Ingold et al 2 . The 
symmetry properties and selection rules for the normal vibrations of 
the molecule have been obtained by Wilson 3 by the method of the group 
theory. He also gave a normal coordinate treatment of the normal 
vibrations with the use of a potential of the valence force type containing 
six constants, namely, 

1 L. Pauling, & G. W. Wheland, Jour. Chem. Phys. 1, 362, (1933), and other 
references given in footnote (3) in §5, A, Chap. III. Also see W. G. Penney, The 
Quantum Theory of Valence , Methuen, 1935. 

1 K. W. F. Kohlrausch, Phys. Zeits. 37, 58, (1936). 

2 W. R. Angus, C. K. Ingold & A. H. Leckie, Jour. Chem. Soc. Lund. P. 929, 
(1936); Bailey, Hale, Ingold & Thompson, ibid., P. 931, (1936); Angus, Bailey, 
Hale, Ingold, Leckie, Raisin, Thompson & Wilson, ibid., 936, (1936). 

8 E. B. Wilson, Jr.,'Phys. Rev. 45, 706, (1934). 
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2V = X2 ( 5 R)* + q2 (dr)* + H (6-o)*2 (8A)* + fc(6-a)*2(8n)* 

+ ka* 2 (8y) s + xc* 2 (5<p 0 ) s , (191) 

where R, r are the C—C and C—H bond distances, 5A and 8p are the 
bendings of the C—H bonds in and out of the plane of the molecule 
respectively, 8y the changes in the C—C—C angles, and the terms in x 
give the potential energy for the twisting of the C—C bonds when the 
C atoms move out of the plane of the molecule, a and b are the distances 
of the C and the H atoms, respectively, from the center of the hexagon, 

and c= ~ 3 a. We shall refer to Wilson’s paper for the equations 

giving the normal frequencies in terms of the potential constants in 
(191). It has been found that the potential (191) is very successful 
when applied to the observed frequencies, in spite of the small number 
of constants it contains. 

In Table XCV are given the symmetry classes and the selection 
rules of the normal vibrations of both the Z >«h (benzene and benzene- 
d^) and the D 3 j, (1-3-5 benzene-c^ and substituted derivatives) models. 
The modes of the normal vibrations are shown in Wilson’s paper. 




De* 


Sym. 

Ds* 


Notation 

Sym. 

No. of 



No. of 



class 

Vib's 

Infra. 

Ram. 

class 

Vib's 

Infra. Raman 

vi , v 2 


2 


P 


4 

- P 

V 12 , v is 

Blu 

2 

— 

— 




V8,V7,V8,V 9 

E, t 

4 

— 

d 

E' 

7 

act. d 

VJ8,V19,V 2 0 

E iu 

3 

act. 

— 




! 

V 8 

A 2* 

1 



a; j 

3 

— _ 

Vl4, VJ5 

Z?2u 

2 

— 

— 

i 

j 


vio 

Elf 

1 

— 

d 

E" 

j 3 

d 

Vlfl, VJ7 

i 

Esxx 

2 

— 

— 




: 

VlJ 

A 2 vt 

J 

act. 

_ 

A 3 

3 

act. — 

V4 t V5 

Big 

2 

i 



! 


i 


Table XCV. Normal vibrations of benzene & benzene-^ 


The assignments of the fundamental frequencies have been dis¬ 
cussed by Angus $t aP and by Lord and Andrews 4 . They agreed in 
the assignments of the Raman and infrared active frequencies; but 
differed somewhat in the calculated frequencies of the completely inactive 


4 R. C. Lord & D. F. Andrews, Jour. Phys. Chem. 41, 149, (1937). 
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frequencies. From considerations of the specific heat of crystalline 
benzene, it was found that the frequencies, especially of the two low 
frequency fundamentals, given by Lord and Andrews are correct. 5 Hence 
in Table XCVI we give only the assignments of Lord and Andrews of 
C 6 H g and CuDe and the constants of the potential (191) with which the 
calculated frequencies are obtained. It is seen that the agreement be¬ 
tween the observed and the calculated frequencies is very good. 


Vib'n 

Infra. 

CeH 6 

Raman 

Calc. 

Infra. 

CeDe 

Raman 

Calc. 

Ai e vi 


992 p 

993 

_ 

945 p 


v 2 

— 

3061 p 

8061 

— 

2292 p 


ElU V12 

— 

— 

1008 

— 

— 

965 

Vis 

— 

— 

3063 

- 

— 

2285 

E 2g V5 

— 

606 d 

608 

— 

577 


V9 

— 

1178 d 

1170 

— 

867 


V8 

— 

1596 d 

1645 

— 

1559 


v 7 

— 

3047 d 

3107 

— 

2264 


Eiu V]g 

1037 

— 

1030 

813 

— 


V1 9 

1485 

— 

1480 

1333 

- — 


v 2 o 

3080 

— 

3080 

2291 

— 


A v 3 

— 

_ 

1190 

_ 

_ 

950 

Bi u vi5 

— 

— 

1145 

— 

— 

785 

V14 

— 


1854 

- 

- 

1830 

Eig vio 

— 

850 

850 


601 


Em vie 

— 

(406) 

406 

— 

— 

316 

Vi7 

•— 

— 

1160 

— 

— 

1063 

Ain Vn 

671 

— 

783 

503 

_ 


Big v 4 

— 

— 

538 

— 

— 

504 

Vg 

— 

— 

1520 

— 

— 

1002 

K oo 

= 7.58, 

k = 0.65, 

H = 0.76, 

?CH = 

5.05, 




x - 0.23, 

h = 0.34 X I0 6 . 




Table XCVI. Fundamental frequencies & potential constants 
of C g H g & C 6 D 0 


& Lord, J. E. Ahlberg & Andrews, Jour. Chem. Phys. 5, 649, (1937). The 
observed specific heats of solid benzene agree completely with the calculated values 
with the fundamentals given in Table XCVI for the whole temperature range from 
4 °K to 260 °K. Early observations on the electronic bands (absorption) show a 
frequency difference of 160 cm - ” 1 . This was thought at first to be the Vi6 funda¬ 
mental of the normal electronic state. Recent study of the electronic bands by 
Sponer, Nordheim, Sklar & Teller, Jour. Chem. Phys. 7, 207, (1939), establishes, 
however, the frequencyv lfl ^400 cm^ 1 . 
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The potential constant obtained for the C—C bond is of special 
interest. Its value 7.58 xlO 5 lies between the value for the double bond 
9.7xl0 5 (see 163 and 164) and the value 5.57xlO c in (183) for the single 
bond. Thus the effect of the quantum mechanical resonance also 
manifests itself in the bond constant K. 

A large number of infrared bands and Raman lines has been 
observed for both C«H« and C«D (i in addition to those given in Table 
XCVI. They have been summarized by Angus et al 2 . Their assignments 
are, however, not quite definite because of the closeness between certain 
fundamentals and hence of the possibility of making more than one 
assignments to certain observed frequencies. For this reason we shall 
not include these harmonic and combination bands here. 

An interesting feature in the spectrum of the benzene molecule 
is that the Raman line at 992 cm"* 1 due to the totally symmetrical vibra¬ 
tion vi is accompanied by 4 satellites at 979, 984, 999 and 1005 cm -1 . 2 
The line at 984 cm - ' 1 was ascribed to the molecule C1 2 C 13 Hg by 
Gerlach 0 . Quantitative measurements of the relative intensities of the 
984 and 992 cm -1 lines have been made by Cheng, Heueh and Wu 7 and 
by Rao 8 . They all found the value 6:100 for the ratio of the intensities 
of these two lines, in agreement with the value expected from the relative 
abundance ratio of the isotopes C 13 and C> 12 . The observed isotope shift, 
namely, ca , 8.2 cm --1 , 7 does not agree with the theoretical value of 6.& 
cm*" 1 within the limit of accuracy of the measurements. Langseth and 
Lord 0 suggested that this discrepancy may be due to a depression of the 
level vi in C] s C l3 H 0 by this amount (8.2—6.3=1.9 cm -1 ) as a result 
of the resonance interaction between vi and vi 2 at ca. 1003 cm - " 1 . This 
resonance will raise vn» by 1.9 cm -1 and impart some intensity of vi to 
V 12 the wave function of the level v 12 will contain some contribution 
of the wave function of Vi). The ratio of the intensities of v 12 and y x 

can be calculated by the method of §4, B), Chap. Ill, to be ca. 1:10. 10 

On this explanation of the satellite at 1005 cm"* 1 , the ratio of the inten¬ 
sities of 984 and 992 lines should be 5.5:100 compared with the observed 
value 6:100. 

« W. Gerlach, Sitz. Math.-Nat. Bayer Akad. Miinchen, 39, Nr. 1, (1932). 

7 H. C. Cheng, C. F. Hsueh & T. Y. Wu, Jour. Chem. Phys. 6, 8, (1938). 

« B. S. R. Rao, ibid., 6, 343, (1938). 

° A. Langseth R. C. Lord, ibid., 6, 203, (1938). 

10 For resonance which is not close, i.e., y=^j'^L the ratio of the intensities 
is given by ( >/A s +26 2 -A)/(v / A 3 -f2p + A) instead of a*:p* in (120), Chap. III. 
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The other two satellites at 979 and 999 cm-' are explained by 
Langseth and Lord as arising from transitions from v 6 to the two re¬ 
sonating levels v 8 and v^v ,). 11 The expected intensities of these two 
lines on consideration of the Boltzmann factor are given in Table XCVII. 

In C«D 6 , the same authors observed only two satellites at 939.5 
and 962.1 cm - " 1 for the totally symmetrical vibration at 945 cm" -1 . These 
two lines correspond to the Vi and v 12 of C* S C 13 D (J . The other two 
satellites in CoH^ are not observed because vi 4 * v 6 - v# coincides with 
the main line vi = 945 and the transition v* — v« has vanishingly small 
intensity since the levels v 8 and v L 4 - v 6 are not in resonance as in the 
case of CfiHe. The intensities of the two lines at 939.5 and 962.1 cm -1 
observed and calculated as before are given below. 



Obs.v 

c 6 h 6 

Obs./ 

(7,8) 

r 

Calc./ | 

i 

i 

Obs.v 

CeDg 

Obs./ 

(9) 

Calc./ 

V8 -V6,Vi4*V6-Y6 

| 979 


5.1 




V|(CJ 2 Ci»Ha) 

984 

0 

5.5 

o:;9.5 

10 

5.8 

Vl 

V* -VljVj+VO-Vg 

992 

999 

100 

100 j 

5.9 j 

945.2 

100 

100 

viz (C> 2 Ci»Ha) 

1005 

i 


0.5 j 

962.1 

0.1 

0.2 


Table XCVII. Fine structure of the Vi lines of C (} H<j & C 6 D c 


2) Deuterated benzenes 

The spectra of the partially deuterated benzenes have been studied 
by a number of authors 1 . The dideuterobenzene and the tetradeutero- 
benzene have three isomers, namely, the ortho, meta and para forms. 
Trideuterobenzene has also three forms, namely, the mes , vie and sym 
forms. As the symmetry of the Cr>H 0 molecule is lowered by the sub¬ 
stitution of deuterium atoms, certain inactive frequencies become active 
in absorption or in the Raman effect or in both, and certain degenerate 
frequencies may split into nondegenerate frequencies. A knowledge of 
the spectra of these molecules will throw more light on the potential 
function of the C 6 H< ; molecule. The data available now are, however, 

11 In C e H fl , there are two depolarized lines at 1584.8 and 1606.4 cm - " 1 . These 
are due, according to E. B. Wilson, to transitions from the normal state to the 
resonance levels v 8 and vi + v tt . The value 1596 cm"” 1 given for v 8 in Table XCVI 
is estimated from the two observed lines. 

1 A. Langseth & E. C. Lord, Danske Vidensk. Selskab. Math. Fys. Meddelelser. 
16, 6, (1938); A. Klit & A. Langseth, Jour. Chem. Phys. 5, 925, (1937); C. K. 
Ingold, Proc. Hoy. Soc. A 169, 149, (1938). 
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still rather incomplete for an assignment of all the fundamental fre¬ 
quencies of these molecules. We shall only give the assignment of the 
fundamental frequencies of the symmetrical trideuterobenzene (1-3-5 
benzene-e^) for which the selection rules have been given in Table XCV. 


Vibration 

Infrared 

Raman 

A i 

fVl 

_ 

954 s 


V 2 

—* 



' Vu 

— 

1001 8 

IViJ 

— 


E' 

rv» 

591 w 

590 m 


V9 

1098 w 

1102 m 


v« 

1573 w 

1572 s 


V7 




Vjg 

833 8 

831 m 


Vi9 

1407 s 

1407 w 


lv 2 0 



a i 

fv 8 

— 

— 


V|5 

— 

— 



*— 

— 

E" 

fvio 

— 

, 707 m 


Via 

— 

376 w 


lv 17 

_ 

1080 w 

K \ 
\ 

fvn 

V4 

533 8 ! 

? i 

1 — 

i 

.V5 

914 s | 

" 


Table XCVIII. Fundamental frequencies of sym. C 6 H 3 Ds 


The assignment in Table XCVIII is guided by considerations of 
the selection rules and the corresponding frequencies in C 6 H c and 
C e D e in Table XCVI. The greater separation between vi and v 12 in 
sym. C 6 H 3 D 3 compared with that in C 6 H 0 (47 cm” 1 compared with 18 
cm --1 ) is explained by Klit and Langseth 2 as arising from resonance in¬ 
teraction between the two levels in sym . C 6 H 3 D 3 (no resonance inter¬ 
action occurs in C 6 H e since Vi and v i2 have different symmetry characters). 

3) B 3 N 3 H« (triborine triamine) 

The structure of this molecule is shown by electron diffraction 
measurements to be similar to that of the benzene molecule. 1 The Raman 

2 Kljt & Langseth, loc. cit ., suggested that the greater separations between 
Vi and V 12 in meta C 6 H 4 D 2 and C 6 H 2 D 4 (symmetry C 2v ) and sym. C 6 H 3 D a (symmetry 
D 8 fc) compared with the ortho C e H 4 D 2 and C 6 H 2 D 4 are due to resonance interactions 
which occur in molecules ^having the correct symmetries such as the above. 

1 A. Stock & R. Wierl, Zeits. f. Anorg. Chem. 203, 228, (1931), gave from 

X-ray diffraction measurements r(B — N) = 1.47 zt 0.07 A. More recently, S. H. 
Bauer, Jour. Am. Chem. Soc. 60, 624, (1938), gave from electron diffraction measure¬ 
ments r(B—N) =1.44±:0.02 A. 
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and the infrared spectra of the molecule have recently been investigated 
by Crawford and Edsall 2 who also give a classification of the observed 
frequencies and a normal coordinate treatment of the normal vibrations, 
which is similar to that of Wilson for the CoH« molecule. The potential 
employed is similar to (191), except that the terms in q, H, h are to 
be replaced by q BH , q NH , Hbh.Hnh, !ibh, Iinh respectively for the N—H 
and the B—H bonds. The fundamental frequencies and the potential 
constants obtained by these authors are given in Table IC. 


Vibration 



Infrared 


Raman 

A\ vi 



_ 


S51 (6) p 

V 2 



— 


2535 (9) p 

via 



— 


938 (7) p 

Vis 



— 


3450(10) p 

E* V 5 



525 (20) 


519 (3) d 

V9 



917(100) 



Vg 



1610 (1*0) 



V7 



2519 (60) 



V18 



717 (70) 


717 (1) 

Vi# 



1466 (85) 


1466 (1) 

VjO 



3400 (5) 


A ^ V3 



— 


- (1110) 

V 16 



— 


- ( 800) 

v 14 



— 


- (1650) 

E 9 ' vio 



— 


798 (2) 

Vlfl 





288 (2) 

V 17 



— 


1070 (5) d 

A 99 vu 



622(30) 


— 

v 4 



415(40) 


— 

V5 

i 


1098(40) 


— 

K bn -MO, 

k * 

= 0.53, 

H , 

» WJr -0.65, 


9/jh =3.42, 

q NH~ 

: 6.52, 

x =0.10, 

k BH = 0.2it, 

h NH =0A2. 


Table IC. Fundamental frequencies & potential constants of B3N3H,., 


In Table IC, the classification is based on considerations of the 
selection rules given in Table XCV (symmetry Z> s t) and the frequencies 
of the corresponding vibrations in C«H fi . The three totally inactive fre¬ 
quencies given in parentheses are the calculated values obtained with the 
potential constants given in the table. Comparisons of the frequencies 


* B. L. Crawford & J. T. Edsall, Jour. Chem. Phys. 7, 223, (1939). 
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and potential constants in B 3 N 3 Ho and C G H (i show that the parallelism is 
most striking. 

With the fundamentals in Table IC, the other observed infrared 
and Raman frequencies can be satisfactorily accounted for, as shown 
in Table C. 


Assignment 

Infrared 

Raman 

2vie 

670 (6) 


V17-V16 

778(60) 


V5 -Vig 

790 (6) 


V] 6+V18 

990(40) 


V 9 -fvie 

1199(36) 


Vj 2 +Vj 0 


1228 (?) 

Vj 4-V6 


1370 (1) 

2 VJ 8 

It10(30) 


Vi) +V ] 2 

1860(30) 

1843 (?) 

VI8+V19 

2174(10) 



Table C. Harmonic & combination bands of B 3 NnH« 


§10. Summary of Molecular Constants 

In the following table, we shall summarize the bond constants and 
bond distances of a few chemical bonds of common occurrence. The 
bond distances marked with * are obtained from electron diffraction 
measurements; those unmarked are the spectroscopic values. It is to 
be emphasized that one must not attach too much significance to the 
exact numerical values of the bond force constants since (i) their values 
depend on the form of the potential function employed, and with poten¬ 
tials of the same force type, on whether certain cross terms (interaction 
terms) are included, and (ii) corrections of the observed frequencies 
for anharmonicity cannot be made in all cases. In spite of these, how¬ 
ever, it can be seen from the table that both the bond constants and the 
bond distances agree, qualitatively, in indicating the nature of the bonds 
(with respect to the presence or absence of quantum-mechanical reson¬ 
ance). A quantitative calculation of the various bond contributions in 
the case of resonance from the bond force constants cannot be made 
as from the bond distance bond type relations of Pauling, Brockway and 
Beach, 1 on account of the uncertainties of the bond constants as mentioned 
above. Nevertheless they furnish us with corroborative informations 
in many cases. 


1 Pauling, Brockway & Beach, Jour. Am. Chem. Soc. 56, 2706, (1936). 
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Molecule 

-CH S 

C— H 

»CH 2 e=CH C-C C = C C: 

=C C— 0 c-o CsO 

CaHe 

4.85 


4.5-5.5 





* (1.52) 


ch 4 

5.1 

0.09) 



ch 8 x 

5.0 




CHCls 

5.1 




H S C-C*H 

4.8 

5.7 r 

> 6.25(1.463) 14.5(1.198)* 

C 2 ( CH 3 )j 

4.7 


6.8 (1.474)* 14.6(1.198)* 

HsC-CN 

4.0 


5.2 (1.55)* 


H 3 C-NC 

4.0 




h 8 c-oh 

4.8 




c 6 h 6 

5.0 


7.6(1.89)* 


c,h 4 


on 

q 

eq 

9.8(1.38) 


OCHa 


4.2 


12.(1.15) « 

OCCHj 


4.8(1.07) 

9.8(1.35)* 

12.(1-17) * 

C(CH *) 2 


4.9 

9.5(1.31)* 


C s H 6 


4.9 

5.2 (1.53)* 


HCN 


0.2( 1.0.57) 


CzHj 


6.2(1.057) 17. (1.199) 

C 4 Hi 


6.0 

3.6 (1.36)# 16.3(1.187)* 

c 2 n 2 



6.7(1.37)* 


C«C1, 



6.8 (1.38)* 


OCN- 




4.7 

cor 




6.2 

C 0 2 




15.9(1.15) 

c 3 0 2 



12.5(1.29)* 

16.0( 1 . 20 ) 

CCS 




13.4(1.16) 



C-N 

C~F C — Cl 

C-Br C-I 

SCN~ 


J4.4 



SeCN~ 


14.6 



HCN 


16-5(1.154) 



C 2 Na 


17.5(1.155)* 



HsC-CN 


17.0(1.16)* 



H S C-NC 


16.0(1.17) * 



XCN 


10.7(1.18)* 

5.2( 1.67 ) * 

1.2(1.79)* 2.9(1.96)* 

C2CI4 



4.5(1.73)* 


C 2 H 2 Cl 2 (trans) 


4.0(1.69)* 


ch 8 x 



5.8(1.39)* 8.5(1.77)* 

2.8(1.91)* 2.2(2.28)* 

cx 4 


3 - 

5.4(1.36)* 1.9(1.76)* 

1.4(1.93)* (2.14)* 


Table CL Force constants and distances of C— H, C—C, C—O, 
C—N, C—X bonds. Bond distances are given in parentheses. X 
stands for F, Cl, Br, or I. 



NOTES ADDED IN PROOF (NOV. 19391 


When the foregoing pages are in the press, a number of papers 
on molecular spectra has appeared. The following gives a few of these 
papers on subjects discussed in this work. 

Chap. IV, §4, A. Interaction between vibration and rotation. Besides 
the papers mentioned in footnotes (6) — (9) on P. 135, a recent paper 
by W. H. Shaffer and H. H. Nielsen, Phys. Rev. 56, 188, (1939), deals 
with the problem of the energy of a vibrating-rotating triangular YX 2 
molecule. 


Chap. V. P. 191, NH 3 

Z. I. Slawsky and D. M. Dennison, Jour. Chem. Phys. 7, 509, (1939), 
have obtained the energy change due to centrifugal distortion of the 
axially symmetrical molecules YX 3 and ZYX 3 in terms of the quantum 
numbers J, K and the molecular constants. The formulas for the pure 
rotational spectra of NH a and ND 3 are, respectively, 

v = 2 F 0 J + 0.00160/ - 0.00250 J 8 + 0.00190 K 2 J, 

v - 2 Bo J + 0.000452 J - 0.000704 J s + 0.000522 X 2 J. 

These justify the empirical expressions given on P. 195 and P. 199. 
The term in K 2 J predicts a fine structure splitting of each line correspond¬ 
ing to different values of K ( AX=0), but the splitting is too small to 
be observed except for very high menbers of the series. 

Chap. V. P. 205, BF 3 

The infrared spectrum of BF 3 has been recently measured under higher 

dispersion by D. M. Gage and E. F. Barker, Jour. Chem. Phys. 7, 455, 

(1939). The band centers are given as 



Vl 

V2 A 

v 3 II 

¥4 ± 

B 11 Fa 

888 ( Ra) 

1446 

691.6 

480.6 

B 10 Fs 

888 (Ra) 

1497 

719.8 

482.1 


The parallel band v s hss been resolved, and from the rotational line spac- 
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ings, the moment of inertia about the symmetry axis is found to be 79 x 
10 -40 and the B—F distance 1.29 A. 

Chap. V. P. 237. Methyl halides 

The work of Z. I. Slawsky and D. M. Dennison mentioned in footnote 
3 has now appeared in Jour. Chem. Phys. 7, 522, (1939). They showed 
that the observed frequencies of the methyl halides in Table IL can be 
reproduced by employing the following values for the constants in the 
potential (136) on P. 237. 



k C-H 

fra 

fr<p 

k c-x 

k t 

CH S F 

4.878 

0.443 

0.8097 

6.09 

0.713 

CHgCl 



0.596 

4.417 

0.725 

CHsBr 

1 

j 


0.536 

4.193 

0.775 

CHsI 



0.463 

3.292 

0.562 


Chap. V. P. 250, CF 2 Br 2 

The Raman spectrum of CF 2 Br 2 has been recently given by G. Glockler 
and G. R. Leader, Jour. Chem. Phys. 7, 553, (1939). In the absence 
of polarization data, we suggest the following tentative assignments 
(see diagram 140, P. 245). 

CF 4 004 

I 

CFjBr* 623(6) 

I 

CBr< 265 

Chap. V. P. 303, Question of internal rotation in C 2 H« 

In a recent paper, E. Gorin, J. Walter and H. Eyring, Jour. Am. Chem. Soc. 
61, 1878, (1939), have shown by a wave mechanical calculation that a high 
potential barrier of the order 3000 cal/mole between the £>•>* and the D it « 
configurations in C 2 H«, with the D 3 k more stable, can be understood on 
considering the combined effect of the interactions between the H atoms 
and the hybridized C-C orbitals and the contributions from double 
bond characters. They showed, on the other hand, that the induction 
effect proposed by Eucken and Schafer (footnote 8 on P. 303) is too 
small to account for . the value 3000 cal./mole. On the basis of this 


1265 

/ | \ 

816(4) 1142(0 1077(4) 

\l / 

667 


437 


630 


282(3) 166(7) 

\/ 

125 


/IN 


340( 10) 330(3) 367(2) 

\l/ 

183 
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theory of Gorin et al, the suggestion of Wu on P. 311 for the existence 
of a potential minimum at the cis configuration of the 1,2 dihalogen 
ethanes finds some justificaiton. 

Chap. V. P. 315, Dimethyl acetylene 

The infrared spectrum of dimethyl acetylene has recently been measured 
by B. L. Crawford, Jour. Chem. Phys. 7, 555, (1939), who also measured 
the depolarization of the Raman lines. The fundamental frequencies are, 
with the notations of Table LXXXII, P. 296, 


Ai 

725 

1380 

2270 

2918 

(Raman) 

A2 


1126 

1380 

2976 

(Infra) 

E 

371 

1029 

1448 

2961 

(Raman) 

E 

(213) 

1050 

1468 

2976 

(Infra) 


Two of the Raman effect active fundamentals differ from the observed 
values in Table XCIV because of corrections for resonance interactions. 
From measurements of the specific heat of the molecule, B. L. Crawford 
and W. W. Rice, Jour. Chem. Phys. 7, 437, (1939), concluded that the 
torsional degree of freedom is one of almost free rotation, the restrict¬ 
ing potential barrier not exceeding 500 cal/mole. 



SSI 


NAME INDEX 


\dams, W. S. 146-6 ! 

4del, A. 41, 66, 68-9, 71, 84, 133, 135, I 

145-6, 148, 154, 163, 174, 225, 241, 291 ' 

iderhold, H. 202, 214 
\hlberg, J. E. 97, 321 

4.hrens, H. 286 | 

Mtar, W. 278, 310 I 

Vmaldi, E. 192 

Vnanthakrishnan, R. 207, 212, 294, 305, 
306, 312-3 | 

\nderson, J. A. 197 

\nderson, L. C. 283 j 

\nderson, T. P. 200, 201, 205, 304 
Andrews, D. H. 16, 97, 320-1 
Angus, W. R. 319 

Armstrong, 313 | 

Ashdown, 313 

Avery, W. H.. 97, 288, 298, 303 

Racher, W. 248 
Backmann, J. H. 253 
Badger, R. M. 90, 93, 121, 154, 171, 
174, 186-7, 192, 268, 291 
Bailey, C. R. 149-50, 165-7, 169-172, 
175-6, 201, 205-6, 212, 231, 233, 319 
Bar, R. 39 

Barchewitz, P. 242, 248, 250 
Barker, E. F. 144-6, 150, 152, 154-5, 157, 
163-5, 185, 192, 194, 197, 200, 226, 
238, 241, 283, 291, 299, 328 
Barnes, C. 97 

Barnes, R. B. 7, 93, 158, 192, 198, 226 
Bartholome, E. 258-9, 286, 298 
Bartunek, P. F. 150, 155, 157 
Bauer, S. H. 93, 291, 324 
Baumann, W. 159 

Beach, J. Y. 90, 97, 157, 310, 311, 326 
Beeson, C. M. 176 

Bender, D. 152 j 

Benedict, W. S. 159, 173-4, 226 j 

Bennett, W. H. 141, 238-9 
Bertram, A. 187, 231, 301 j 

Best, 214 | 

Bhagavantam, S. 149, 152, 165, 181, 

201, 223, 266, 298 I 


Binder, I. L. 154 
Blanchard, E. E. 97 
Bonino, G. B. 275 

Bonner, L. G. 7, 71, 93, 162, 164, 171, 
174, 255, 263, 265, 288, 294, 313, 315 
Borden, A. 283 
Bordner, E. R. 161, 164 
Borst, L. B. 165 
Bosschieter, G. 283 
Bourguel, M. 288, 294, 313 
Brackett, 154 

Bradley, C. A. 221, 250, 253 
Breit, G. 60 

Brockway, L. O. 8, 9, 90, 147, 149, 151, 
171-2, 175, 201, 206, 212-3, 217, 234, 
239, 255, 286, 290, 326 
Briill, 275 
Brunauer, S. 93 
Bull, 278 
Burg, A. B. 305 
Buswell, A. M. 93, 165 

Cabannes, J. 171, 201, 233, 238, 242, 
246, 248, 251, 275, 306 
Cameron, D. M. 170 
Cartwright, C. H. 192 
Cassie, A. B. D. 149-50, 170-2, 175-6, 
205 

Chang, Y. L. 271 

Chao, S. H. 192 

Cheng, H. C. 306, 322 

Childs, W. H. J. 142, 181, 223, 231 

Choi, K. N. 154 

Chu, T. C. 187, 259 

Clark, D. 90 

C lee ton, C. E. 195 

Colby, W. F. 134, 177, 184 

Condon, E. U. 64, 93 

Conn, G. K. T. 269, 271 

Cooley, J. P. 140, 223 

Corin, C. 246 

Crawford, B. L. 13, 97, l65, 298, 303, 
325, 330 

Cross, P. C. 97, 149, 151, 163, 165, 172 
Czerlinsky, E. 152 





332 


Name Index 


Dadieu, A. 150, 156-7, 169, 226 
Daure, P. 266, 298 
Davis, H. M. 185, 291, 317 
Debye, P. 8. 

Deitz, V. 93 

Delfosse, J. M. 266, 269 
Doming, Lola, 154, 172 
Dennison, D. M. 8, 16, 53, 57, 66, 68-9, 
72, 78-9, 84, 88, 102, 106-7, 118, 120, 
123, 133, 135, 140, 145, 148-9, 159, 164, 
168, 188, 192-6, 199, 218, 223-4, 227, 
236-7, 239-41, 261, 271, 297, 328, 329 
DeVault, 205 

Dickenson, R. G. 145-6, 152, 155, 223, 
266 

Dieke, G. H. 210 

Dillon, R. T. 145-6, 152, 155, 223, 266 
Duchesne, J. 272 
Dunham, J. L. 131 
Dunham, T. 145-6 

Eastwood, E. 181 
Ebers, E. S. 210-1 
Ebert, 277 
Eckart, C. 112, 135 
Edsall, J. T. 97, 325 
Ellis, J. W. 165, 223 
Emschwiller, G. 242, 246, 248, 253, 275, 
278-9 

Engler, W. 169, 215, 226 
Errera, J. 93, 165 

Eucken, A. 187, 231, 267, 286, 301, 303, 
329 

Eyring, H. 303, 311, 329 
Eyster, E. H. 289, 295 

Farnsworth, Marie 157 
Fayt, 242 

Fermi, E. 84, 145, 149 
Finbak, Chr. 239 
Fouts, O. 174 
Fowler, R. H. 93, 95-6 
Fox, J. J. 200, 209, 268 
Freundenberg, K. 159 
Freymann, M. 93 
Freymann, R. 93 
Fung, L. W. 200 
Funke, G. 181-2 
Fuson, N. 164 


Gage, D. M. 328 
Gerding, H. 171 
Gerhard, S. L. 169, 174, 239 
Gerlach, W. 322 
Gershinowitz, H. 189, 252 
Giauque, W. F, 93, 274 
Gillette, R. 93 

Ginsberg, N. 107, 159, 220 
Glasstone, S. 9 

Glockler, G. 79, 181, 185, 197, 242, 248, 
253, 266, 291-2, 298, 316-7, 329 
Gockel, H. 248, 312 
Gordon, A. R. 93, 97 
Gorin, E. 329, 330 
Goubeau, G. 298 
Greene, E. W. 310 
Gross, S. T. 231, 286 
Gupta, J. 201 

Hale, J. B. 165-7, 169, 201, 205-6, 212, 
231, 233, 319 
Halford, J. O. 283-4 
Hanle, W. 39 
Hanson, Isabel 145 
Hardy, J. D. 192-4 
Harris, L. 172-3, 273, 313 
Hassel, O. 239 
Hatcher, J. B. 280 
Hedfeld, K. 155, 181, 192 
Heidenreich, F. 271, 275, 305 
Heitler, W. 9 

Hemptinne, M. de 242, 266, 269 
Hendrick, S. B. 274 
Herzberg, L. 165 

Herzberg, G. 145-6, 155, 181-6, 291 
Hettner, G. 174-5 
Hofstadter, R. 255, 288 
Houston, W. V. 192, 223, 298 
Howard, J. B. 13, 135, 188, 199, 202, 297 
Hsueh. C. F. 322 
Hund, F. 184 
Hunsmann, W. 300-1 

Ingold, C. K. 319, 323 
Ingram, S. B. 57, 223 
Ittmann, G. P. 106 

Jahn, H. A. 141, 181, 223, 281 
Jenkins, H. O. 232 
Johnston, H. L. 161 



Name Index 


333 


Johnston, M. 140, 196, 199, 223-4, 227, 
239 

Jungers, C. 266, 269 

Kahovec, L. 158, 292 
Karweil, J. 258-9, 298 
Kassel, L. S. 93, 97 
Kastler, C. R. 154 
Kemp, J. D. 274, 300, 302 
Ketelaar, 176 

Kiang, A. T. 71, 156, 180-6 

King, G. W. 172-3, 273, 313 

Kissen, G. H. 283-4 

Kistiakowsky, G. B. 187, 210, 301-4 

Klein, O. 61, 106 

Klit, A. 323-4 

Knauss, H. P. 206 

Koenig, H. D. 32 

Kohlrausch, K. W. F. 8, 28, 92, 150, 
156, 158, 171, 187, 192, 202, 207, 214-5, 
233, 238, 242, 246, 248, 254, 278, 281, 
306, 212-3, 319 
Kopper, H. 157, 252, 289 
Koppl, F. 313 
Koteswaram, P. 254 
Kramers, H. A. 106 
Kronig, R. de I. 102 
Ku, Z. W. 160-1 
Kuzumzelis, Th. G. 203, 207 

Lacher, J. R. 301, 303-4 
Langer, R. E. 77 

Langseth, A. 145, 149, 152, 158, 234, 
322-4 

Larsen, K. D. 161, 164 
Lassettre, E. N. 205, 233 
Leader, G. R. 242, 248, 329 
Lechner, F. 19, 188, 209, 219 
Leckie, A. H. 319 

Lecomte, J. 8, 242, 246, 248, 250, 253, 
275, 278-9, 306 
Lespieau, R. 288, 294, 313 
Levin, A. A. 134, 181, 265, 298 
Levy, H. 239 

Lewis, C. M. 159, 192, 223, 298 
Liddel, 154 

Lindholm, E. 164, 181 
Linnett, J. W. 97, 158, 253, 264, 272, 
288, 293-4, 298, 303, 313 
Liu, T. K. 187 


Lochte-Holtgreven, W. 181 
Lord, R. C. 97, 215, 320-2 
Lueg, P. 181, 192, 268 

McWood, G. E. 226 
Manneback, C. 102, 268 
Manning, M. F. 79, 195, 198 

Martin, A. E. 209, 264 

Martin, P. E. 144-6 

Matossi, F. 7, 202, 207, 214 

Maxwell, L. R. 154, 172 
Mayer, J. E. 93 
Mayer, M. G. 93 

Mecke, R. 8, 15-6, 72, 108, 155, 159, 181, 
183, 192, 223, 258-61, 294 
Menzies, C. A. 205 

Meyer, C. F. 134, 140, 181, 138-9, 265, 
298 

Miescher, E. 206 

Migeotte, M. 197 

Miles, J. 150 

Mitra, S. M. 292 

Mizushima, S. 283, 306 

Mollet, P. 93 

Moorhead, J. G. 223 

Morgan, S. O. 308 

Morikawa, K. 226 

Morino, Y. 283, 306 

Morrell, E. 181 

Morse, P. M. 51, 79 

Moseley, V. 154, 172 

Motz, L. 131 

Mulliken, R. S. 202 

Murphy, G. M. 13, 35, 93, 165-6 

Naude, S. M. 241 
Nazmi, F. 301 

Nielsen, A. H. 148, 165-7, 223, 226, 238-9 
Nielsen, H. H. 82, 107, 120, 165-7, 169- 
70, 205, 210-1, 223, 226, 229-30, 239, 
328 

Nielsen, J. Rud. 145, 149, 152, 158 

Nijveld, W. J. 171 

Nisi, H. 214 

Nordheim, G. 321 

Norris, W. V. 200, 223 

Okamoto, 283 

Palmer, J. K. 176, 187, 269, 292, 311, 
318 



334 


Name Index 


Parodi, M. 202, 242, 248, 250 
Parts, A. 267, 801 
Patat, F. 155, 186-6, 291 
Patty, J. R. 210 

Pauling, L. 90-1, 187, 232, 256, 269, 286, 
290, 292, 318-9, 326 
Paulsen, 275 
Pekeris, C. L. 132 

Penney, W. G. 9, 91, 151, 173-5, 268, 319 
Phelps, E. R. 169 
Pienkowski, S. 149 
Pitzer, K. S. 300 

Placzek, G. 8, 28, 35, 38, 69, 60, 192 
Plyler, E. K, 152, 164, 169, 238 
Pohlman, R. 174-6 
Pongratz, 288 

Rabi, I. I. 102 
Radekovic, 17 
Rademacher, H. 102 
Raisin, 319 
Raman, C. V. 28 

Randall, H. M. 8, 107, 159, 164, 185, 192, 
194-5, 200 

Rank, D. H. 161, 164, 242 
Rao, A. V. 181 
Rao, B. S. R. 322 
Rao. I. R. 207 

Rasette, F. 145-6, 152, 165, 223, 266 j 

Rawlins, F. I. G. 7 

Redlich, O. 13 ! 

Reiche, F. 102 
Reinkober, O. 8 

Reitz, A. W. 281 I 

Renfrew, M. M. 181, 266, 298, 317 I 

Rice, W. W. 330 ; 

Robertson, R. 200 

Rochester, G. D. 229 j 

Rodebush, W. H. 93, 165 ! 

Rollefson, A. H. 166 
Rosen, N. 51, 79 

Rosenthal, Jenny E. 13, 22, 35, 42-3, 131, ! 

154, 188, 219, 234, 236, 243, 246 i 

Rousset, A. 171, 201, 233, 238, 242, 246, j 
248, 251 j 

Salant, E. O. 22 j 

Sanderson, J. A. 149 i 

Sachsse, H. 286, 298 I 

Sack, H. 8 I 

Sauter, E. 286 


Sayvetz, A. 135 

Schaefer, Cl. 8, 202, 207 

Schafer, K. 81, 298, 300, 302-3, 820 

Schaffert, R. 172 

Scheibe, W. 268 

Schroder, E. 286 

Schumacher, H. J. 174-6 

Schwingel, C. H. 148 

Sears, W. C. 170 

Shaffer, W. H., 328 

Shen, S. T. 202-3, 256-70 

Sherborne, J. E. 201 

Sherman, A. 9, 93 

Sherman, J. 97 

Silverman, S. 197 

Simons, L. 242, 271 

Sklar, A. L. 321 

Skrabal, R. 281 

Slater, J. C. 202 

Slawsky, Z. I. 237, 241, 328, 329 

Sleator, W. W. 159, 164-5 

Slipher, V. M. 163, 174, 225 

Sommerfeld, A. 45, 102 

Sorensen, 149, 158 

Sorge, B. W. 165 

Spink, J. W. T. 155, 181-4 

Sponer, H. 8, 134, 229, 321 

Spraque, A. D. 165-7, 169 

Springall, H. D. 187, 269, 292, 318 

Steffens, 286 

Stevenson, D. P. 97, 157, 187, 286, 310 

Steward, W. B. 229-30 

Stinchcomb, G. A. 192, 192, 194 

Stitt, F. B. 229, 301, 303-5 

Stock, A. 324 

Stoves, 90 

Strong, H. M. 206 

Strong, J. 187, 273 

Stuart, H. A. 8, 28, 38, 144, 278 

Stueckelberg, E. C. G. 79 

Sun, C. E. 152 

Sutherland, G. B. B. M. 7, 90, 151, 

172-5, 182, 234, 236, 239, 246, 261, 
269, 271, 273. 297 

Taylor, A. M. 7 

Taylor, H. S. 226 

Taylor, J. W. J. 9 

Tchakrian, A. 233, 242, 250 

Teller, E. 8, 28, 42, 81, 98, 140, 800, 321 



Name Index 


335 


Thompson, II. W. 158, 165-7, 169, 201, ! 

205-6, 213, 231, 233, 253, 264, 272, ! 

288, 319 

Timm, B. 258-9, 294 | 

Tisza, L. 72 

Titeica, R. 202, 248 

Tompa, H. 13 

Trampe, 214 

Trumpy, B. 240, 248, 27.5, 300, 312 
Turkevich, A. 157, 311 

Uhlenbeck, G. E. 77-9, 195 

Unger, H. J. 192, 199 I 

Urey, H. C. 221, 226 

Van Vleck, J. H. 9, 112, 163, 165 

Vance, J. E. 165-6 

Vedder, H. 223 

Ventakateswaran, S. 149 

Verleger, H. 145-6, 185-6, 241, 291 

Verleysen, A. 268 

Voge, H. H. 234, 236, 243 

Volkringer, H. 233, 242, 250 i 

Wagner, J. 237, 248, 283-4 j 

Walker, M. K. 161 ! 

Wakeman, 313 

Wall, F. T. 79, 197, 291-2, 316-7 
Walter, J. 329 
Wang, S. C. 106 
Weber, L. R. 107, 159 
Webster, A, G. 10, 136 
Weigert, K. 81, 300, 301 
Weinberg, A. 135 
West, W. 157 


Wheland, G. W. 91, 319 
White, A. H. 308 
Whittaker, E. T. 10 
Wierl, R. 147, 324 
Wigner, E. 35 
William, N. H. 195 
Williams, D. 156 
Williams, J. W. 148, ;sl0 
Wilson, C. L. 319 

Wilson, E. B., Jr. 13, 35, 43, 81, 135, 
188, 202, 252, 263, 286, 300, 319, 323 
Witmer, E. 106 
Witt, R. K. 302 
Woo, S. C. 187-8, 259, 273 
Wood, R. W. 8. 164, 242 
Wonters, 242 

Wright, N. 149, 159, 192, 194-5, 200, 215 
Wu, C. K. 234 

Wu, T. Y. 71, 78, 83, 133, 135, 145-6, 
152, 156, 180, 182-6, 202-3, 256-70, 270, 
271-2, 275, 307, 322, 330 

Yao, Y. T. 202-3 
Yeou, T. 277 

Yost, Don M. 176, 200-1, 205, 214, 229, 
231, 280, 286, 305 
Young, L. A. 77 
Ypsilanti, Gr. P. 248, 306, 312 

Zachariasen, W. H. 202 
Zahn, C. T. 148, 150, 310 
Ziegler, R. 72, 181, 183 
Zumwalt, L. R. 124 





SUPPLEMENT 


Since the publication of the present volume in 1939, numerous investiga¬ 
tions on the infrared and the Raman spectra of polyatomic molecules have been 
carried out. in the following pages, references to the recent literature and 
some brief discussions in certain cases are given. A table summarizing the 
best molecular constants now available is given at the end of this supplement, 
to replace Table Cl on P. 3.27. With the space available and on account of the 
inaccessibility of the writer to the literature since 1941, it has not been 
possible to make a fuller discussion, nor to quote all the original papers 
bearing on the subject. These limitations, however, are rendered less serious 
by the appearance of the detailed and critical resume by Dennison in the Re¬ 
view of Modern Physics, vol. 12, 175, (1940). The reader must be referred to 
this article for discussions on the C 0 2 , H 2 0 , NH 3 , CH 4 and the methyl halide 
molecules. A complete bibliography covering the period 1939-1942 on the Raman 
spectrum has been given by Glockler in the same journal, vol. 15, 111, (1943), 
and one covering the period previous to 1939 has been given by Hibben in the 
monograph "The Raman Effect and Its Chemical Applications" in 1939. As be¬ 
fore, attention has been centered here on the interpretation of the spectra of 
the individual molecules. Molecules which are too complex to lend themselves 
to the normal coordinate treatments or for which the observed data are too 
meagre for a discussion of the normal vibrations, are not included. 

Normal vibrations and valence force potential ( 11 , §§ 1 , 3 ^)* 

Further developments of the mathematical method for the treatment of the 
normal vibrations of molecules have been given by Wilson. With the aid of 
matrix algebra, vectors and the group theory,, it is possible to find in a sim¬ 
ple manner the kinetic energy of a molecule in terms of coordinates which are 
appropriate for potential functions of the valence force type, and to effect a 
reduction of the determinantal equation of a high order to those of lower or¬ 
ders in accordance with the symmetry of the molecule. Without troubling the 
nonmathematical readers with Wilson's method in its general form, we shall 
give explicitly the following slightly different but essentially equivalent 
treatment for the triangular YX 2 molecule with the valence field. It serves 
to illustrate sufficiently the reduction in labor in the solution of the prob¬ 
lem of normal vibrations by the application of a little matrix algebra. 

The kinetic energy T of the system YX 2 in rectangular coordinates is 

2 T * MIX 2 + Y 2 ) + m[x\ «■ y\ + x 2 + y\) (1) 

and the potential energy for valence force field is, in the notation of P. 19, 

2 V * ^(6r l ) 2 + fe(6r 2 ) 2 + fc a (r60) 2 . (2) 


c atlon 
methyl 


B. Wilson. Jr., Jour. Chem. Phys. 7, 1047 ( 1939); 9, 76 ( 1941). Appll- 
OT this method to the C 2 H 2 , C 2 H,, CH 3 CCCH 3 , CH 8 CCH, H CN. CH 3 CN and the 
halides has been made by Crawford and Brlnk:l ey, ibid. 9, 69 ( 1941). 


• The Roman numerals and the §, etc., refer to the chapter, section and page 
in the present volume .here the addendum Is made. 
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On introducing the matrices for the rectangular and the internal coordinates 


X 2 (X Y x ± y t x 2 p 2 ), R 2 (fir* 6 r 2 r60) 

and their transpose 



1 6 r, 


R 2 

6 r 2 

(3 


r60 



and the matrices 


\0 

0 \ 


T and V can be written, according to the rule of matrix multiplication, in 
the form 


2 T - XM X, 


2 V - RR R. 


To find the relations between the rectangular coordinates and the internal 
coordinates, let us talce the coordinate axes in directions as shown in the 

figure. Then, up to small quantities of 
the first order, 

Y 

| 6Tj. • s X + C Y + Xt 

Mj L y x 6 r 2 «-s X + c Y + x 2 ( 6 ) 

r6e * ~ 2s Y + U i * V* 

v, T y \ 8 v where c - cos s * sin -§• Now intro- 

duce the txansformation matrix B and the 
"'x transpose B 


/ 8 c 1 0.0 0. 

B 5 -s c 0 0 1 0 
1 0 -28 0 1 0 1 


fs -s CM 
c c - 2s 
10 0 
0 0 1 
0 10 
0 0 1 / 


Then (6) can be written 


and (3) becomes 


R - BX, or R - XB 
2 T * XmS, 2 v ■ xBkbx. 


The determinantal equation is hence 

||M\ - SkbII - 0. (10) 

Let us now multiply this matrix equation from the right and from the left by 
the matrix 
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N' 





and denote by L 


the matrix 


(ill 


L 2 



BN 


4d 


*? i 
W 

0 

0 

-«($)* 

k 3 

0 

'O 

c 

-Cr 

* 

( T } 

0 

- 2 S(-T) 

0 

Cr-) 

0 



( 12 ) 


and the transpose 



Then (10) becomes 


|| L L - X E|| = u (13) 

where E is the unit matrix of order 0 * 6. fhe roots X's are the latent 
roots of L L , which, by a theorem in algebra, are those of L L and zeros. 

Hence 


||L L - \e|| - 0 


(14) 


where E the unit matrix of order 3 x 3 * The three zero roots of \ corre¬ 
spond to the two decrees of freedom of translation of the system of particles 
as a whole in its plane, and the one decree of freedom of rotation about an 
axis through the c.g. perpendicular to its plane. The three roots of (14) 
give the normal frequencies of the system YX 2 . 

To obtain the three roots of LL let us transform (14) by a unitary 
transformation of matrix 8, namely, SB “S 3 * E , such that 


S 


' a a 0\ 
-a a 0 , 

0 0 1 / 


a ■ (2) 


Then (14) becomes 


S L # L S - \E 


*(*■ + fc 2 ) - x 0 
,1 2 x 

0 , *(W + M® 2 ) " x 


- 2 " 


M 


■cs 


0 


J 

~ 2 ~i fl - CS 

0 

+ I s2 ) " 


0 (15) 


which gives equations < 22 ) on page 20 . 
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In the above calculation, no use is made of the symmetry of the vibra¬ 
tions in effecting a factorization of the determinantal equation at the outset. 
This can be done as follows: For the symmetrical vibrations (with respect to 
the symmetry axis) , we set X * 0, x x * x 2 , y x * y 2t 6 r x * 6 r 2 . Then 


B 


f c 10 
- 2 s 0 1 , 


MOO 
M = 0 2s 0 

0 0 2?i 


k 


2fe 0 l 

I , etc. 
0 ftj 


The determinantal equation ||X L - \fci || 3 U gives one zero root and two others 
given by ||L L - XE|| S 0 which is readily shown to be the same as that ob¬ 
tained by removing the middle row and the middle column in ( 15 ). The zero root 
corresponds to the translation of the system along the directions of the sym¬ 
metry axis. 


For the antisymmetric vibration, we set Y = 0, x t * -x 2 , - -y 2f so 

that 6 r x * - 6 r 2 and r 68 = 0. Then 



/ M 

0 

0 ' 


/ 

0 ^ 

0 1 

B - (s 1 0), 

M - 0 

2m 

0 

, K - (2ft), 

\ - 0 

(a■)-* 

0 , 


lo 

0 

2m , 


0 

0 

(ao“* 


The equation gives two zero roots, corresponding to the translation of the sys¬ 
tem along directions perpendicular to the symmetry axis in its plane, and the 
rotation of the system about an axis perpendicular to its plane, and another 

root ||L L - \E|| * k(— + •§ s*) - X * 0 . 


(Ill, §5, c, P. yo > 

The statement that the effect of the coupling between the vibration and 
the rotation of a polyatomic molecule on the partition function and hence the 
thermodynamical properties is negligible is established by the calculation of 
Wilson, Jour. Chem. Phys. 7 , 94d, ( 1939 )* 

UW U, A, P. 13i)l 

The general theory of the vibration-rotation energy of a polyatomic mole¬ 
cule has been given by H. H. Nielsen, Phys. Rev, 60 , 794 , l 1941 ); 61 , 540 ( 1942 ) 
Also Report on Progress in Physics, Vol. VII, 44, (1941). 

Cu, (V, § 1 , A, P. 144) 

Dennison, Rev. Mod. Phys. 12, 175 (1940), has given a new evaluation of the 
potential function of the C0 2 molecule. The result is: 


“i 


1351.2 

*11 * - 0.3 

x l2 

s 

5.7 

x fl • 1 .7 

It) g 

as 

672.2 

X 22 * - 1. 3 

*13 

s 

-21.9 



» 

2396.4 

x 3 » * -12.5 

*2 9 

a 

-11.0 


a 

as 

- 30 

d • 1.5 

ft. . 

$ 

* 

1.9 


b 

ax 

71.3 

I 0,5 
e * 1-3.7 

h 

9 

8.9 


c 


-250 

f • 6.4 

i 

a 

-25.7 
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HCN (V, §1, A, P. 15o) 

The weak Raman line at^2o62 cnT 1 , formerly ascribed to HNC, is ascribed 
to the isotopic molecule HC 13 N by Ilerzberg, Jour. Chem. Phys. 8, 847, (1940), 
on consideration of the calculated isotope shift of -32.9 cnT 1 compared with 
the observed -32 cm"" 1 . The weak band observed by Williams for the aqueous 
solution has, however, too great a shift (-^90 cm" 1 ) to be ascribed to HC 13 N. 

Azide ion N~ (V, § 1 , A, P. lpoj 

The infrared and the Raman spectra of the azide ion in crystals and so¬ 
lutions have been studied bv a number of authors. The observed data are sum¬ 
marized in the following table. 





v 7 (±) 

2v 2 

Vi 

V 3 

V 2 + V 3 

V ! + Vg 

Observer 

n*n 3 

(sol Id) 

Ra 

636(0) 

1 267 ( 2) 

1356( 10 ) 

2077(0) 



Ven 

NaKg 

( sol * n) 

Ra 


1260 ( 2 ) 

1346( 10 ) 

2066 ( 0 ) 



Ven.; L 

NaN s 

(cry at) 

Infra 



- 

- 



B al 

<zPb 

azl de 

Infra 



- 

208 0 

2702 

34 20 

3 

0Pb 

azide 

Infra 



1352 

20 40 

270 2 

3400 

0 




Infrared and 

* 

Raman spectra of N 3 

ions 



Ven. 

= Venice 

it e swar 

an, Proc 

. Ind. 

Acad. Sc. 

A7, 144, ( 

19 38); L. 

* Lani 

g se th. 

N1 el 

sen and 

Serena 

en, Zelt 

. f. ph 

y s. C h em . 

B 27, 102, 

( 1934) ; 

Bal = ; 

Bailey, 

QUO t 

ed In Su 

therland and P 

enney, 

Proc. Roy. 

Soc. A 1 56 

, 678 , ( 1936 ) ; < 

3 * Garner 

and 

Qorom, J. 

Chem. 

Soc. P . 

2133, 

( 1931 ) 






The spectra of N '7 have been discussed by Sutherland and Penney, loc. cit. 
It seems that the ion is linear. The appearance of v x * 1352 cm~ in 8 lead 
azide and the band at 2702 cm -1 , whose probable interpretation is v 2 + v 3 , in 
the infrared indicate an asymmetrical structure for N 7 , according to the se¬ 
lection rule on P. 70. This is also in accordance with the appearance of the 
v 3 * 2070 cnT 1 in the Raman spectra, ihe weak Raman lines at ^1260 cm" arise 
probably from a weak resonance between 2v 2 (l) and v 1# 

H* 0 , I ) 2 0 (V, §1, B, Pp. 1 W-o 5 ) 

The pure rotational spectrum of D 2 0 in the region 26-139^ has been stud¬ 
ied under high dispersion and resolution by Puson, Randall and Dennison, Phys. 
Rev. 56, 982 (1939). Darling and Dennison, ibid., 57 , 128, (1940), have car¬ 
ried through a second order perturbation calculation of the vibration-rotation 
energy of the H 2 0 molecule, in which resonance interactions between levels 
( v x f v 3 ) and iv x - 2, /; 2 , t; 3 + 2) are taken into account. A full discus¬ 

sion of the spectra of these molecules and their potential constants has been 


given 

by Dennison, Rev. 

Mod. Phys, 

- 12, 175 ! 

, ( 194O ) . 

The result 

is: 



H 2 0 

D 2 0 


H 2 0 

d 2 o 


H a 0 

D 2 0 

Wj * 

38 26.3 

2768.1 

Xu 3 

- 43.89 

-22.6 1 

X12 * - 

CM 

O 

O 

CM 

- 10.56 

<i) fi * 

1663.9 

12 10 .3 

x 22 

- 19 . 60 

* 

0 

1 

Xig » - 

155.06 

-8 1.92 

U >3 * 

39 35 . 6 

2883.8 

X 3 g * 

- 46.37 

- 24 . 37 

x 2 3 - - 

19 .8 1 

- 10.62 


The potential constants in (29), P. 163, are, in io» dynes/cm, 

A?® 8.428, ^ U * 0.7678 , fc ± * 0 . 1051 , & 2 


0.2521 



34-2 


S'/Dpl ment 


The rotational structure of the v a , v a , Vj + v 3 , v 2 +v a bands of H 2 0 has been 
further studied by R. 1*. Nielsen, Phys. Rev. b2, 422, (1942), and v 2 , 2v 2 by 
Nielsen, ibid, 59, 5O5, (1941)- 

H 2 Se, HBSe, l) 2 $e (V, § 1 , ii, P. I09) 

The infrared spectra of these molecules have been studied in greater de¬ 
tail by Cameron, Sears and Jielsen, Jour. Chem. Phys. 7, 994, ( 1939 ). The 
observe^ frequencies together with the constants in the potential (20), P. 19, 
that best fit the observed frequencies are given below. 




H 2 Se 

-!DSe 

U 2 Se 


’’ 1 

2260 D 

169 1 Z 

16 30 

D 


v 2 

1074 D 

906 D 

745 

D 


' ’3 

2350 Z 

2352 D 

169 6 

Z 

k - 3. ic * io e , 


= 0. 32 x 10®, 

H - H * 

2.3 A, 

H - Se = 1.53 

su 2 (V, §1, U, P. 

171 ) 





The infrared 

bands 

of bC 2 have 

been studied 

under 

high dispersion. 


v 2 * 1251.4 doublet type, rotational lines resolved; v 2 * 517.8 doublet type, 
rotational lines resolved; va * 13^1.5 zero branch type, unresolved. Cf. 
barker, Rev. Mod. Phys. 14, 19b, (1942) 

NO b (V, §i, B, P. IV 2 ) 

The ultraviolet absorption spectrum of ^J 0 2 has been studied by larris, 
Kina, benedict and Pearse, Jour. Chem. Phys. 8, 705, (1940), who found 1319 
cm*" 1 and 749 cm"* 1 for the normal electronic st^te. There seems to be no as¬ 
signment of the observed infrared and the electronic bands which is satisfac¬ 
tory with respect to both the observed infrared band contours and the elec¬ 
tronic bands. Further study of the infrared bands under higher dispersion and 
resolution is necessary. 

\ew electron diffraction measurements by Maxwell and Moseley, ibid., 8 , 
738, (1940), give - 0 * 1.21 + 0.02 A and (Tit) 3 1300+2°. 

C 2 i) , C 2 dU (V, §2, A, Pp. 170-1 So) 

The infrared spectra of these molecules have been studied under low dis¬ 
persion by Stitt, Jour. Chem. Phys. 8 , 5b, U940); and the 334^, 2560, 1202, 
1340 cm ” 1 bands of C 2 HI) and the 2414, 1043 cm ” 1 bands of C 2 D 2 have been studied 
bv A. H. Nielsen, Phys. Rev. 57 , 346, (1940). 1 he observed bands and their 

assignments are aiven on the following pane. A quantum mechanical treatment 
of the vibration-rotation energy of molecules of the C 2 J 2 type has been given 
h V Wu, Jour. Chem. Phys. 8 , 4 ^ 9 , ( 194 o) , and Shaffer and Nielsen, ibid., 9, 
847, (1941). 

C fl N9 (V, 12 , A, Pp. i&o-?J 

1 he Raman lines at 756 cm is not found by Reitz and Sabathy, Wien. Ter. 
140, 577, (1938), and is hence probably spurious. This leaves the original 
assignment of the fundamental frequencies of Woo and iiadger as the only prob¬ 
able one. i^e infrared spectrum has been further studied by 'dailey and Car¬ 
een, Jour. Chem. Phys. 7, 059, (1939). The observed bands and their assign- 
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c 2 hd 

Infra 

Ra 

c 2 d 2 

Infra 

Ra 

Vl 

1^53 II 

1851 

Vi 


17C>2 

v 2 

3340 H 

3335 

V 2 


2690 

v 3 

2585 II 


V 3 

2414 


V* 

t ) 79 ± 


V 4 

539 X 


v e 

519-L 


Vs 



v 4 + v 6 

1202 II 


V4 + V 6 

1043II 


Vi - v c 

1330 1 


Vi - V 4 

1223 1 


2v 4 

1340 II 






2043 7 


3 v 4 

1610 L 





V 3 - V B 

1927 i. 





V 2 - V 4 

2158 1? 





V 1 + V 4 

2312 





v 3 + V B 

2940 


v 2 + v 4 

3950 


V a + V 4 

3280 


2 v S , Vi + Vs 

5110 


V 2 + V 3 

5120 



ments cm the basis of the Woo-dadger fundamentals are as follows: - v 4 

• 618I; v 4 + v e = 732||; 2V B * 1026 Raman; v 2 - v 4 - 2093J-; v 2 + v 4 * 25631; 
v 3 + v 6 * 2663I. 


NH a , ND 3 (Y, § 2 , B, Pp. 192-XM) 


A full 

discussion of 

these molecules has been 

given by Dennison, 

Phys. 

12, 175 1 (1940) 

, who gives the following 

constants: 


nh 3 

nd 3 


«i II 

3539 

2524 


U) 2 1 

3622 

2370 


U> 3 || 

1055 

803.4 


(1) 4 1 

1635.4 

1221.6 


I A 

2 .a 14 x lo“ 40 

5.447 X 10 " 40 

H - H * 1.631 A 

Ip 

4.452 x 10“ 4 ° 

8 . 80 b x 10“ 40 

M - H - 1.014 A 

C 



height of pyramid 

£2 

0.064 

0.185 

- 0.377 A 

£4 

-0.270 

-0.368 



The potential constants in the potential ( 69 ), P. 189 , evaluated with the 
zeroth-order frequencies w’s and the theory of Coriolis interactions are: 

For 1 vibrations, A ■ 10.494, D * 1.366, E * 2.41 

For || vibrations, 13 * 3.171, C * 2.270, F * 1.73 

in 10 c dynes/cm. (Dennison’s notations are: a * A, P * 3D, y 2 *= 3E , a * B, 
b » 3C, c 2 - 3F 2 ). 

Sheng, Barker and Dennison, Phys. Rev, 60 , 786 , (i94 1 ^> further re¬ 
solved the rotational ’’lines" of the L>at||) fundamental into multiplets. This 
splitting results from the effect of the rotational distortion of the poten¬ 
tial field determining the tunnel effect. 

The splitting of the pure rotational lines into multiplets predicted by 
Slawsky and Dennison (see P. 328 ) has been observed by Feley and Randall, 
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Phys. Rev. e 59, 171 , ( 1941 ), for J =* 11, 12 , 13, 14 , 15 * They obtain a value 
1.3 x io"“ 18 c.g.s. for the dipole moment of the molecule. 

Concerning the v 2 (-L) fundamental, Sutherland’s suggestion, Phys. Rev. 56 
836, (1939), that the two _L bands 2441, *473 cm“ be interpreted as v 3 + v 4 
meets with the difficulty that the separation Av should then be the same as 
that in v 4 , namely, 3.9 cm -1 , while the observed separations are ~i6 cm”" 1 . 

PH S , PD a , AsH a , AsD 3 , (V, §2, B, P. 20J) 

The Raman spectrum of PD 3 has been studied by de Hemptinne and Delfosse, 
Bull. Sc. Acad. Roy. Belg. 21, 793 , (1935); that of Asil 3 and AsD 3 by Delfosse 
Nature 137, 868 , (1936). The infrared sDectra of these molecules have been 
studied by Lee and Wu, Trans. Faraday Soc. 35, 1369, (1939); Sutherland, Lee 
and Wu, ibid., 35, 1373, (1939). The data are summarized below. 


PM 3 PD 3 AsM a AsD 3 

Infra Ra Infra Ra Infra Ra Infra Ra 


Vi II 

Zoii'/ II 

2306 

v a II 

yao II 

9 Vd 

L 

2423 


v 4 ± 

1121,5 1 

1115 

? 

aa2. 4 1 


1 + v 4 

342d 4 


1 + 2v 4 

4541 



2 Vl 
2 v a 


1694 

16b4 gas 

212211 

730 

740 liq 

906 II 



2185 

806 

b07 liq 

1005 


3091 


4160 
6133 II 


2094 

1534 

1506 

910 

660 

630 

990 

714 

730 


PH»: I * 6.22 x 10~ 4 °, P - !1 * 1.46A, H - P - H * 99°, ht. of pyramid - 0.67A 
AsH 3 : I - 7.4 x lO -40 , As- H - l.faoA, H - As - H - 07°, ht. of pyramid - 0.75A 


AsBr s (V, §2, B, P. 201) 

The Raman spectrum has been studied by Braune and Engelbracht, Zeit. f. 
phys. Chem. B 19, 303, (1932J, and Finkelstein and Kurnosova, Acta Physico- 


chim. U.S.S.R. 4 , 

123 , ( 1936 ). 





v . (||) 

v.OU 

v.(H) 

v.W 

liq. 

gas 

273(10) 

287 


120(6) 

ao (6) 

OCtt, (V, §2, D, P. 

210) 





From the value I = 21.4 * 10~ 4 ° obtained by Dieke and Kistiakowsky for 
OCIIs and assuming the C- H * 1.071 A and tfCfl - 119°55' obtained for C 2 H 4 (see 
below) , one obtains the value 0 - C * 1.21 A which differs considerably from 
the value 1 . 15 A obtained by electron diffraction method and is much more in 
line with the low value for the 0*0 bond constant k * 12.06 * 10 (compared 
with the bond constant 16.9 * 10® and C - 0 a 1.15 A for C0 2 > • 

A normal coordinate treatment employing the most general potential con¬ 
sistent with the symmetry C 2V for the 0Cri 2 type molecules has been given by 
Silver and Ebers, Jour. Chem. Phys. 10 , 559, (i942)« 

Coriolis perturbations in 0CD 2 is studied by Nielsen, Phys. Rev. 55 , 

389, (1939). 
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OSF. a , 0SC1 2 (Y, §2, E, Pp. 213-4) 

In view of the polarization data for 0 SC 1 2 of Cabannes and Rousset, Ann 
de Physique 19, 229, (1933), and 7 enkateswarlu, Proc. Ind. Acad. Sc. A 10, 
156, (1939), the assignment given on P. 214 should probably be changed as 


follows: 

vlS-0) 

v s ( SCI 2 ) 

6(SCl a ) 

6(0SC1 2 ) 

v t ( SC1 2 ) 

6(0-S-Cl 2 ) 


0SC1 2 

1229 m 

443 s 

-343 vs 

282 s 

488 s 

192 s 


P 

0.13 

6/7 

0.15 

6/7 

00 

0 

0 

0.45IC.R.) 

; 0 . 78(V. 


ftaOa, DsOa hydrogen peroxide (V, §2, F, P. 214) 

The Raman spectra of these molecules have been studied by Simon and 
Feher, Zeit. f. Elektrochem. 41, 290, (1935), and Feher, ibid., 43, 663, 
(1937). H.j?0 2 : 877, 1420, 3400 cm -1 ; D 2 0 2 ^ 1009, 2510 cm” 1 . From the study 

of two bands at 10,291.08 and 10,283.68 cm in the photographic infrared, 
Zumwalt and Giguere, Jour. Chem. Phys. 9, 45&> (1941), found Q branches char¬ 
acteristic of both the || and the _L bands of a symmetrical rotator. This hy¬ 
brid character rules out the cis planar structure of the two 0-H bonds, since 
this structure would show either pure || or pure L bands. The observed large 
electric moment of fi 2 0 2 precludes the trans configuration since this would 
have zero electric moment. Hence these authors suggest a nonplanar structure, 
in agreement with the theoretical result of Penney and Sutherland, Jour. Chem. 
Phys. 2, 492, (1934), and the X-ray study of the C0(NH 2 ).H 2 0 2 crystal by Lu, 
Hughes and Giguere, J. Am. Chem. Soc. 63, ig07, (1941), indicating, respec¬ 
tively, an azimuthal angle of —100 and 105 . The presence of two bands dis¬ 
placed by 7.4 cm^ 1 from each other is suggested to be due to the splitting of 
the vibrational levels by the tunnel effect for the two-minima in the poten¬ 
tial of relative orientation of the two 0-H bonds. 

On accepting this nonplanar structure, the H 2 0 2 belongs to the point, 
group C 2 , and there should be 4 symmetric (with respect to the axis) and two 
antisymmetric vibrations. The nature of the 4 symmetric vibrations would be 
roughly as follows: one is the symmetric 0-H valence vibration, one is the 
0-0 vibration, one the 0-0-H bending and one the torsional oscillation of the 
0-H bonds about the 0-0 axis. The Raman lines 

3400 (H 2 0 2 ), 877 (Ii 2 0 2 ), 1420 (H 2 0 a ) 

2510 (D 2 0 2 ) 1009 (D 2 0 2 ) 

may be immediately ascribed to the first 3 of these vibrations. The two an¬ 
tisymmetric vibrations are the 0-H valence and 0-0-H bending vibrations. They 
are inactive in Raman effect and have actually not been observed. Only the 
torsional vibration is missing in the Raman spectrum. 

HN# hydrazoic acid (V, §2, G, P. 214) 

-The Raman spectrum has been studied by Engler and Kohlrausch, Zeit. f. 
phys. Chem. B 34, 214, (1936), and the infrared spectrum by Davis, Trans. 
Faraday Soc. 35, 1184, (1939), and Eyster and Gillette, Jour. Chem. Phys. 8, 
369, (1940). There should be 6 fundamentals for a structure in which the 3 N 
atoms are linear (see azide ion N* above) and the H atom is attached to an N 
atom at one end off the line of the N atoms. The observed data and their'in- 
terpretation are as follows: 
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V 1 

V NH 

3335*6 

Inf. 


v 3 “ v e , v 4 - Vo 

52 6 

Inf. 

V 2 

V NN 

2140.4 

11 


V 6 + V fl 

1381 

11 

Va 

V NN 

1269.O 

11 

1300 Ra. 

2V 4 

2303 

11 

V* 

6 hnn 

1152.5 

n 


2V 1 + 2V 4 

8802 

11 

v 6 

c 

NNN 

738.8 

n 


3v 1 

9547 

n 

Ve 

c t 

°NNN 

657.9 

n 


3v 1 + v 4 

10690 

11 


? 



2389 Ra. 

4v 1 

12412 

n 


The bands 3v* and 4v t have been studied in the photographic infrared by 
Herzberg, Patat and Verleger, Zeits. Elektrochem. 41, 522, (1935); Verleger, 

Phys. Zeits. 38, 83, (193V). 

Methane and deuteromethane (V, §3, B, Pp. 217-229) 

The spectra, the potential function and the Coriolis perturbations of 
these molecules have been fully discussed by Dennison, Rev. Mod. Phys. 12, 

175, (1940). The zeroth-order frequencies are estimated by a reasonable pro- 
cedure. 

CH 4 (1) t * 3029.8 = 1390.2 = 3156.9 W* * 1357.6 

CD* (lit * 2143.3 “ 983.4 W3 * 3336.9 w 4 * 1026.4 

The potential constants given in (126), P. 225, have been reevaluated from 
these w's. They are, in 10 6 dynes/cm, 

A - 8.568, B * 0.5186, C * 0.3048, D - 1.4316, E * 0.3406. 

From these, the constants in the potential (111), P. 219, containing central 
and valence forces can be calculated from (114), P. 320. They are, in 10 
dynes/cm, 

fc CH * 5.835, * a c 0.498, fe HH * -0.101, k* * 0.176. 

The criterion .(113a), namely, D * 10B - aC - 8E, for the potential (111) to 
hold is not satisfied exactly. The introduction of an interaction term such 
as k a 2(6r t ) (r6ajp in the potential (111) may be useful. 

SiH 4 , Getf 4 (V, § 3 , B, Pp. 229 - 231 ) 

In footnote 2, P. 231, the unsatisfactory nature of the molecular dimen¬ 
sion obtained for GeH 4 was pointed out and ascribed to the uncertainty in the 
observed value of Av 4 . Murphy, Jour. Chem. Phys. 8 , 71, I1940), finds from a 
calculation of the Coriolis perturbations that the observed and the theoret¬ 
ical structure of the v 4 bands do not agree. It is pointed out by Wu, ibid., 
9 , 195, that this may be due to the use of the incorrect value 7 * 

io“ 4 ° for the moment of inertia of GeH 4 . Assuming pure valence force poten¬ 
tial, Wu obtained, from the theory of Jahn, Proc. Roy. Soc. A 168, 469, 

(1938), Z a * 0.018, and I - 9.78 x 10 for GeH 4 . The problem is finally 
satisfactorily settled by a complete analysis of the spectra of SiH 4 and 
GeH 4 by Tindal, Straley and Nielsen, Proc. Nat. Acad. Sc. 27 , 208, (1941); 
Phys. Rev. 62, 151, (1942)$ 62, 161, (1942). The result is summarized be¬ 
low. 
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V 2 

A v a 

Va 

A v 9 

V* 

Av 4 

I from 

V 3, v 4 

I from 

V 2 

I- H 

81 H 4 975 

5. 62 

2101 

5. 64 

9 10 

2.77 

9.08 x 10~ 4 ° 

9.96 x 10~ 40 

1.50A 

0eH 4 9.32 

5. 27 5 

2114 

6. 67 

8 18 

2. 27 

10.57 x 10~ 4 ° 

10.61 x 10~* 40 

1-S4A 


GeCl 4 (V, §3, B, P. 233) 

The Raxnan spectrum has been studied by Haun and Harkins, J. Am. Chem. 

Soc. 54, 3917, (1932). The observed frequencies are: 

v i 3 397, V 2 3 132, Vg 3 451, V 4 * 171. 

Methyl halides (V, §3, C, Pp. 235-242) 

The Raman line 109b cnT 1 of CH 3 C 1 (see Table IL) is found to be polar¬ 
ized and hence its identification with the degenerate vibration v®l-L) is not 
satisfactory. 

From the 1355 cmr 1 band of CfI 3 Cl, Nielsen and Nielsen obtained the dis¬ 
tance C - 01 * 1.53A, differing greatly from the value 1.66A given by Suther¬ 
land (see footnotes 7 and b , P. 239). It was pointed out, however, by Suth¬ 
erland, Jour. Chem. Phys. 7, 1066, (19^9), that an alternate numbering of the 
rotational lines of CH 3 Cl aB and CH 3 C 1 8 in the work of the Nielsens leads to 
Av ~ 0.95 - 1.0 cm -1 . This gives 1^ — 56 - 59 * io~ 4 ° and C - Cl ^ 1,66 - 
1.71A. 

Lagemann and Nielsen, Jour. Chem. Phys. 10, 668, (1942), have reexamined 
under improved conditions all the fundamentals except v 5 3 532 cm” 1 of CH a I 
in the infrared. 

Potential functions of the modified valence force type for the methyl 
halides have been calculated by Slawsky and Dennison, Jour. Chem. Phys. 7, 
522, (1939), Linnett, ibid., 8, 91, (1940); and Crawford and Brinkley, ibid., 
9, 69, (1941). See last section of this Supplement and the last table. 

CD3CI, CD 3 Br. 

The infrared spectra of these molecules have been studied by Noether, 
Jour. Chem. Phys. 10, 664, (1942), in the region 2.8 - i8p. All the funda¬ 
mental frequencies are identified. 

Table Llli, P. 243. 

To the molecules in Table LIII, the following may be added. The assign¬ 
ment of the observed Raman frequencies in each case is guided, in the absence 
of polarization data, by considerations of the trend in the frequencies in 
passing from one to another of these molecules. (See Table at top of next 
page.) 

Halogen derivatives of methane (V, § 3 > D, Bp* 244 - 254 ) 

Wu, Jour. Chem. Phys. 10, 116, (1942), has discussed fully the assign¬ 
ment of the fundamental frequencies of all the halogen derivatives of methane 
and the connections between the frequencies in passing from CH 4 to CX 4 
through the series CH 4 - CH 3 X - CH 2 XY - CH 2 X fl - CHX 2 Y - CfiX a - CX*. Complete 
references to the experimental data are given there. 
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Vi II 

V a -J- 

V. II 

V 4 

V. II 

Ve 

X 

Observer 

CHF, 

11 16.5(8 ) 

936.8(0) 

696.7(6) 

508.1(5) 

3062.0(10) 

1376. 

8(2) 

0. E. 

SI DC lg 

48 9 

555 

252 

129 

1647 

? 


D. 

SIHBrs 

362 

470 

166 

116 

2236 

7 


D.Oh. , H 

81DBr s 

360 

468 

167 

114 

16 16 

? 


D. 

SPClg 

432 

5 43 

246 

17 1 

750 

312 


T. « S. S. 


0. E. * OlocKler and Edgsll, Jour* Chem. Phys. 9, 224, (1941), D. * Delfosse, 

Nature 137, 8 68 , ( 1936); T. = Thatte, Nature 138, 468, ( 1936), H. * de Hemp- 
tlnne and Delfosse, Ann. 80 c. Sc. Bruxelles 36 B, 37 3, (1936), D. Oh. * 

Del rosse and Ohoovaerts, Bull. Sc. Acad. Roy. Belgium 21, 410, ( 1935), S.s. 

*.Simon and 8 chulze, Naturwlss. 25,- 669, ( 19 37 ). 

Edgell, Thesis, Iowa, (1941),'(quoted in Glockler, Rev. Mod. Phys. 15> 
111, (1943), differs from Wu, loc. cit.. only in interchanging the assignments 
of A 2 :6 * 898 an” 1 , B: 6 1 (a) * 1149 cm” in Cri 2 Cl 2 so that A 2 : 6 • 1149 cm” 1 , 
B: 6 t (a) * 898 cm” 1 . . Both assignments have the same difficulty that while the 
A 2 :6 vibration should be inactive in the infrared, both the 898 and the 1149 
cnf 1 are observed in the infrared by Corin and Sutherland, Proc. Roy. Soc. 
A165, 43, (1938). A definite choice between these two assignments probably 
cannot be made on the basis of the data now available. The correctness of the 
sets of fundamental frequencies of CH 2 BR 2 , CH 2 C1 2 , and of the other halogen 
methanes, can, however, not be doubted in view of the good agreement between 
observed and the calculated specific heats of these molecules, as shown by 
Edgell and Glockler, Jour. Chem. Phys. 9, 484, (1941). 

A normal coordinate treatment of the CH 2 X 2 molecules has been given by 
Wagner, Zeit. f. phys. Chem. B 45, 69, (1939>; Wu, loc. cit.; and Edgell, loc. 
cit, 

HCOOH, HCOOD, DCOOH, DCOOD, (DC 00 H) a , (DCOOD)* (V, § 3 , F, P. 255 ) 

The infrared spectra of these acids have been studied under low disper¬ 
sion by Herman and Williams, Jour. Chem. Phys. 8 , 447, (1940)* 

C 2 H 4 , C 2 D 4 (Y> § 4 , B, Pp. 265 - 271 ) 

The infrared spectra of these molecules have been studied under high 
dispersion by Barker and Gallaway, Jour. Chem. Soc. 10, 88 , (1942). The fol¬ 
lowing table summarizes the fundamentals together with a plausible assignment 
of the combination bands in C 2 D 4 . 

In the table, the torsional frequency 6 * 825 for C 2 H 4 is, as on P. 267, 
calculated from the Raman frequency 1656 * 26. The value 585 for,C*D 4 is then 
calculated from this by means of the relation ( 6 ) H /( 6 ) D = (m D /m H ) 2 . The value 
§ o , s * 1055 for C 2 H 4 is calculated from the newly observed band 6 Q » a « 995 to¬ 
gether with the interpretation of the band 2047 cm ” 1 as 6 0 . g 6 a'a* The val ” 

ues 6 1 - 850 and 6 0 t a * 750 for C 2 D 4 are calculated by means of the relation 

(io6f? on P. 264 together with the interpretation that the infrared band 1595 
cm” 1 is 6 a » s + 6 0 » a . 

Concerning the fundamentals in these ethylenes, the following can be 
said. There can be no doubt as to the correctness of the A l8 , A £a , B lt and 
frequencies. The B lg frequency, although not yet observed in the Raman 
spectrum, can also be regarded as fairly certain. The k xm torsion frequency 
6 * 825 cm ” 1 for C 2 H 4 is most probably correct in view of the specific heat 
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4 

Infra. Ra. 

C 2 D 4 

Infra. R&. 

c 2 d 4 

I n fra. 

M- cm~ l Assignment 



3019. 3 

2251.6 

10.88 9 19 7 

A ls < 

VgTia 

1623.3 

1514.5 

7.76 1290 7 


^T 18 

1342. 4 

98 1. 3 

6.27 1596 6 a , 8 + 6 0 . a 


f v rc a 

2989.5 

2200.2 

3.28 3050 6 0s +. V oa i 6 0a + V 08 

^2a 

[«na 

1443.9 

1077.9 

3. 12 3200 6 na + V aa 

Bo - , 

No. 

3069 ? 

2306 

2.98 3350 V 7[a + 6 na i V aa ♦ (> KB 

D Z a 

1^08 

944 7 

780 

2.9 6 3390 v os + 6 na 

B. 

1 v 0a 

3105. 6 

2345 

2. 59 38 80 Vg„ 8 + V 0a 

la - 

L^oa 

9 50 

7 20 

2.28 4425 Vjjg + Vpjj 


6 o.« 

(1055) 

(860) 

2.23 4480 v OB + V na 

B*. 

Va 

995 

(750) 

2.18 4826 v 08 + V oa 

^la 

6 

(826) 

1 

( 685) 



C - C * 1. 363A, C - H * 1.071A, H CH = 119°65' 


data of burcilc and Eyster, Jour. Chem. Phys. 9, 118, (1941). One is then left 
with the two vibrations v ag , 6 in the class B 2 . For C 2 D 4 , they are probab¬ 
ly given by the Raman lines 230b and 780 cm"" 1 . For C 2 R 4 , one may assign the 
Raman line at ^944 cm"” 1 to 6 oa and that at 3069 cnT 1 to v os . There seems to 
be nothing implausible in these assignments of the B 2s frequencies, except for 
following consideration based on a normal coordinate treatment. 

On the basis of the above assignments, it should be possible to calculate 
the constants in either the potential (158), P. 263, or the potential (161), 

P. 264, by means of the equations (160a)- (i6od) or (162a) - (1628). It is 
found that equations (160c) for the B 2s vibrations give entirely inconsistent 
values for the potential constants compared with those obtained from the A la , 
A ga , B la frequencies. Similar situation obtains when equations (162) are em¬ 
ployed for the’ potential (161). One may blame the difficulty on the inade¬ 
quacy of the potentials (158) and (161); but if this is the case, a drastic 
change, not the further inclusion of small interaction terms, is necessary to 
remove the above-mentioned inconsistency. 

To obtain the potential function, from the A« a and B la frequencies, we 
have, from either (160b), li6od) or (162b), (i62d), 

k + * a * 5 . 04 , H + 0 - X or k a * 1-096 in 10 ® dynes/cm 

fe - fe a * 5.02, H - 0 ♦ X or ky * 0.511 

As either (160a) or (162a) are then left with two unknown constants among 

three equations, we shall introduce the term k a in l161) into the potential 

(158) so that equations (160a) become 

X t + X. a + X a • fej ♦ Q(te t k 9 ) + N(H + 0 + X) + W fe a 
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\ l \ s *\ a \ a + \ a \ l = ft*) * [fei+ 3MG(ft+ft*)j(n + e + \) + |w(fe + fe 2 )fc 8 -kl] 

- -4:(ft + ft* ) [fti (h + e + x) - **]. 

m n 

With the above value for 7 + £ 2 , these equations are consistent with the fol¬ 
lowing approximate values 

fet * 9.87, H + 0 + m * 1.06, & 3 * -0.22 in io« dynes/cm. 

As mentioned before, these values of the constants are not consistent with 
(160c) or (162c) for the vibrations v 0 and 6 0s - To show this, let us calcu¬ 
late the frequencies v ag and 6 as from fi6oc), using the above potential con¬ 
stants. We find, for C 2 ri 4 , 

v as “ 3116 cm ” 1 » 6 os a 1225 cm ~ X > 

differing greatly from the values 3069 and 944 discussed before. 

C 2 C 1 4 (V, § 4 , B, P. 271 ) 

Duchesne and Parodi, Nature 144, 382, (1939), report two infrared absorp¬ 
tion bands at 332 and 387 cm"* 1 . 

The weal: Raman line at 383 cm -1 is shown by Wittek, Zeit. f. phys. Chem. 

B 48, i, (1940), to be spurious. 

Still no complete assignment of all the fundamentals is possible. 

H»CCN, H a CNC (V, § 4 , D, Pp. 281 - 2 ) 

The infrared spectrum of CH a CN has been studied under low dispersion by 
Bell, J. Am. Chem. Soc. 57, 1023, (1936), and Gordy and Williams, Jour. Chem. 
Phys. 3, 664, (1935); 4 > 85, (1936). The observed frequencies are v 3 = 917, 
v 4 * 2283, v e * 3077 , v 8 * 1412, v 7 * 1040, in the notation of (172), P. 281. 
Electron diffraction measurements by Pauling, Springall and Palmer, J. Am. 

Chem. Soc. 61, 927 (1939), give the following distances 

C - C * 1.49 + 0.03 A, C - N * 1.16 + 0.03 A. 

The infrared spectrum of CH S NC has been studied by Gordy and Williams, 
loc• cit. v 4 * 2183, v 6 - 3077 cm” 1 . Brockway, J. Am. Chem. Soc. 58, 2516, 
(1936), gives the following distances 

C - N « 1.48 + 0.03 A, N - C * 1.17 + 0.03 A.. 

The constants in a potential differing slightly from (170), P. 281, have 
been calculated for these two molecules by Linnett, Jour. Chem. Phys. 8, 91, 
l1940). See table at the end of this Supplement. 

CH.OH (V, $ 4 , E, Pp. 282 - 5 ) 

The problem of the hindered rotation of the 0 -H bond about the C - 0 
axis has been treated quantum mechanically by Koehler and Dennison, Phys. 

Rev. 57 9 1006, (1940). Comparison between the theory and the observations of 
Borden and Barker, Jour. Chem# Phys. 6, 553, (1938), and of Lawson and Ran¬ 
dall (quoted by Koehler ana Dennison) seems to indicate a potential barrier 
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of the order 470 + 40 cm -1 ( ^1400 cal/mole) for this hindered 
rotation. This value does not, however, agree with value -*3400 
cal-mol. indicated by the observed entropy according to Russell, Osborne and 
Yost, J. Am. Chem. Soc. 64, 105, (1942). 

CH 8 SH methyl mercaptan (V, § 4 , E, P. 265 ) 

The structure of this molecule is expected to be similar to that of 
methyl alcohol. The normal vibrations may be roughly described as follows. 
Considering first the CH 3 -S as a methyl-halide-like symmetrical rotator, we 
have the vibrations vi(||) , v 2 ( 1 )> v 3 (II) , v 4 (l) characteristic of the Cfl 3 
group and the v 6 (||) and v« ( 1 ) characteristic of the C - S valence and the 
S - CH a bending vibrations. On taking the asymmetry due to the S - il bond 
into account, we expect the 1 vibrations to split into doublets. These then 
account for 9 normal vibrations. Of the remaining 3, v 7 is roughly a S - II 
valence, v 9 a C - S - H bending vibration, and v 0 a torsional vibration or 
hindered rotation of the S - H bond about the C - S axis. 

The Raman spectrum has been studied by Venkateswaran, Indian J. Phys. 5, 
219, (1930); Phil. Mag. 15, 263, (1933),* and by Wagner, Zeits. f. phys. Chem. 
B 40, 36, (1938). The infrared spectrum is studied and a discussion of the 
assignment of the fundamental frequencies is given by Thompson and Skerrett, 
Trans. Faraday Soc. 36, 812, (1940)* The frequencies are given in the fol-’ 
lowing table. On the basis of these frequencies, Russell, Osborne and Yost, 
J. Am. Chem. Soc. 64, 165, (1942), from measurements of the entropy, finds a 
potential barrier of ^1460 cal/mol. (^500 cm" 1 ) for the hindered rotation. 


Notation 

Nature o f 

vibration 

Observed 

Ra. 

Infra. 

Vi 

v„( ch 3 ) 

2870(m) 

^2870 

V 2 — 1 

V ± ( C H 3 ) 

28 32 ( s) 

~/3000 

V 2 - 2 


29 99 (in ) 

^3000 

V 9 

6|| ( CH , ) 

1319(V.W.) 

1335 II 

V 4 — 1 


1438( W) 

147 6 

V 4 ~— 2 



1430 

Vb 

V( C-S) 

7 04( a) 

704 II 

Vo- i 

6(ch -s) 

105S(w) 

1060 _L 

Ve- 2 



957 1 

V 7 

V ( 8- H ) 

2673( S) 

2597 

Vb 

6( C-S-H) 

803(h) 

803 || 


CH 3 CCH aethyl acetylene (V, §5, C, Pp. 290-2) 

The infrared and the Raman spectra, the former under low dispersion, 
have been studied by Crawford, Jour. Chem. Phys. 8, 526, (1940). The Raman 
spectrum shows an additional weak line at 103 5 ; cm”” 1 which is believed to be 
the missing degenerate fundamental 6o' ia Table LXXVIII. The infrared fre¬ 
quencies are v t * 343 °» v» * 2151, v 8 3 926||, v e * 2995 » v e * 642, 
v 10 * 1040. v a at—2900 cuT 1 is masked by v e . v 4 and v 7 at 1380 - 1450 cm* 
overlap each other and are not resolved. A number of weak bands between 2.5 
and iS|i can be satisfactorily explained on the basis of the fundamentals 
above and in Table LXXVIII. 
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Crawford, loc. cit., calculates the frequencies of Cfl 3 CCH by means of a 
potential of the valence force type containing interaction terms and involv¬ 
ing 13 constants which are carried over from those in C 2 H 2 , C 2 fl e , Cfl 3 CCCH 3 . 
The agreement between the observed and the calculated frequencies is good in 
general. For the potential constants, see the table at the end of this Sup¬ 
plement. 

(Ctt 2 ) 2 S ethylene sulfide (V, § 5 > P. 295 ) 

The infrared and the Raman spectrum have been studied by Thompson and 
Dupre, Trans. Faraday Soc. 36, 812, (1940). The observed frequencies and 
their assignments are given in the following table. For notation, see Tables 
LXXIX and LXXX, Pp. 293-4. 


A s signm ent 

Ram an 

In frarad 


Vi 

2990 P 

(2990 ) 


Va 

1450 p ? w 

1441 

A*. 

V 3 

1120p 

? 


V 4 

10 40 P 

1042 


4 V0 

6 26p 

625 


f Vb 

2990 

(2990) 

Bi i 

V 7 

? 

1 390 


Ve 

49 lTf 

9 49 


Vo 

? 

7 11 


r vio 

308 0B 

(3080) 

B* < 

V 1 1 

8 27 w 

8 23 


; V 12 

? 

68 6 


" v 13 

3080 

- 

A 2 4 

^14 

? 

- 


Vie 

660 w 

- 






A number of bands between 2 and ioyi can be assigned as follows: 

2v e * 1235 w, v 5 + v 12 * 1316, V4. + v e - 1724 vw, v 2 + v 6 - 2062 m, v 2 + v tl 
• 2270 vw, Vj + v 12 ■ 3676 m, ? * 4250 vw, v 2 + v 10 * 4505 m, 2 v x ; v t ♦ v e ; 
v x + v 1Q - 5988 m. 

CH t Ntt a methylaaine (V, § 5 , E, P. 293 ) 

The Raman spectrum of CH 3 NH 2 in solution has been recently studied by 
Bdsall, Jour. Chem. Phys. 5, 225» (i937>; and that of the gas by Kirby-Smith 
and Bonner; ibid., 7, 880, (1939). The infrared spectrum has been, studied by 
Cleaves and Plyler, ibid., 7, 563, (i939>; and under somewhat greater disper¬ 
sion by Owens and Barker, ibid., 8 , 229, (1940). 

The structure of this molecule is similar to that of CH a 0 H, except that 
now the 0 - H is replaced by Nfl . The normal vibrations may be roughly de¬ 
scribed as follows. Ignoring the two H atoms of the amine NH . 2 group first, 
we have the symmetrical top CH # -N and hence v x (\\) , v 2 (l) v 8 (II) > v 4 (i) char¬ 
acteristic of the CH, group, and v e (ll) v e ( 1 ) characteristic of the C-N val¬ 
ence and N-Cfl # bending vibrations. When the asymmetry due to the H atoms in 
Nfl # is taken into account, each of the ± vibrations above will split into 
two*' These account then for 9 normal vibrations. There are then the 3 vi¬ 
brations characteristic - of the NH* group, one v 10 representing the bending of 
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C-N-H, and one v lt the twisting of NH about the bisector of the angle HNH. 

The last degree of freedom is that of torsional oscillation or hindered rota¬ 
tion of the NH 2 about the C-N axis. The following table gives the observed 
frequencies and their plausible assignments. 


Notation Naturo of Raaan Infrared 

vibration Ov. Bar. Cl. Ply. 


V ! 

V || ( CM a ) 


*28 20(8) 

28 20 

Q 

f 28 19 

Q 




2683(3) 

2930 

X i 

1 


V 2 -1 

V x (CH a ) 


2900(6 )P 



1 289 5 

q 

V a -2 



2900(10) 

^2964 

Q 

L 2968 


v 8 

6||(CH 8 ) 

sol • 

1428 (*b) 

138 5 

Q 

1426 

Q? 

V 4 -I 

6 X (CH S ) 


1460(6) 

1470 

± 

1460 

X 

V4-2 



? 

? 


? 


V 6 

V„(C-N) 


10 47(7 ) p 

1045. 

3 Q 

1046 

Q 

V«.i 

6 X (c- ch 9 ) 

801 . 

1110(0) 

1130 

? 

1127 

Q 

v e -2 


sol. 

1174(46) 

1160 

7 



V 7 

V||(NH a ) 


336 0( 6}p 

3300 

Q 

3360 

Q 

Ve 

v x (nh 2 ) 


3470(2) 

3410 

X 

3425 


v e 

6||(nh 2 ) 

sol. 

10 14( 2b ) 

16 26 


16 25 

Q 

v 10 

6||( c-n-h 2 ) 


78 1( 1) 

703 

Q 

783 

Q 





795 

Q 



V 11 

6 x (nh 2 t.i 

sting) 


6 20 

q? 



V *2 

to rslon 








The presence of 4 frequencies near 2900 cm" 1 may be due either to reso¬ 
nance interactions between the harmonics of the frequencies at 1430 or to the 
splitting of the v a » or both. Q denotes the Q branch which is characteristic 
of vibrations with electric moment parallel to the axis of a symmetrical ro¬ 
tator. As CH 3 NH 2 is not exactly a symmetrical rotator, many vibrations will 
have both || and X components (to the C-N axis) for the electric moment. The 
II and X in the table only mean the predominent components. 

From the measurements of the entropy, Aston and Doty, Jour. Chem. Phys. 

8, 743 1 (1940), finds a potential barrier of ~i$oo cal/mol. I520 cm*" 1 ) for the 
hindered rotation of the NH a group about the C-N axis. 

C.H. (V, §6, A, Pp. 295-305) 

The v e fundamental at 827 cm*" 1 in the infrared has been further stud¬ 
ied by Owens and Barker, Jour. Chem. Phys. 10, 146, (1942). 

The question whether the normal configuration of C a H e has the staggered 
Dga or the eclipsed D Sh form is in very much the same state as in 1939. All 
that can be said is that electron diffraction studies of 1,2 dichloroethane, 
dibromoethane, chlorobromoethane indicate the trans and hence the staggered 
structure (footnote 8, P. 311)» aud electron diffraction measurements on sym¬ 
metrical tetrachloroethane definitely indicate the trans and the C* staggered 
structure CShoemaker and Stevenson, Jour. Chem. Phys. 8, 639, (1940)). In no 
case is there evidence for the eclipsed structure, and the general belief is 
that the D #d form is the more stable one for ethane also. 
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B a H 0 (V, §6, A, Pp. 305-0; 

The infrared and the Raman spectra have been studied by Stitt, Jour, 

Chem. Phys. 9, 7 do, (1941). The paper is unfortunately unavailable to the 
writer. 

Al 2 Br e (V, §o, A, P. 3 f Jo) 

lhe Raman spectrum has been studied by Rosenbaum, Jour. Chem. Phys. 8, 

043> (1940), who observed the following frequencies: Vj = 67(5) v 2 * 79.3(5), 

V a = H2d(5), V 4 = 140.3(5), V 5 = 208.2(10), V t + V 3 s 185 ( 0 ), V 2 + V 4 , 2 V 3 

= 223(1), 2V 6 = 407(0), 2V 5 + v 2 = 488(id). No discussion of the assignment 
of these frequencies can be definite on the basis of these data alone. 

1,2 dihaio^en ethanes (V, §b, 8, Pp. 30 o- 312 ) 

Additional Raman frequencies for C 2 H 4 I 2 have been given by Kahovec and 
Kohlrausch, der. 73B, 159, (1940); also Kohlrausch and Wittelc, Zeit. f. phys. 
Chem. 3 47, 55, (1940). The assignment of the observed freouencies in accord¬ 
ance with the tables on Pp. 309-10 is as follows: 


t ran s 

A ( Ra. ) 

925( ± ) 

582(0) 

29 53( 4) 

1208(4) 

1038 ( 3) 

131(5) 


a ( in.) 


6 36 

3000 

140 0 

1040 

7 


B ' ( Ra. ) 



2999 (i ) 

1417(4) 

? 



A' ( In. ) 



3000 

1128 

7 20 


c 1 a 

A i ( Ra. ) 

642(3) 

440 ( 3) 

29 52( 4) 

? 

? 

7 


(In. ) 

8 40 


3000 





Ra. ) 

5 12( 0 ) 

512(0) 

? 

? 

7 

? 


( In. ) 



3000 

1400 




a 2 (1 n. ) 



300 0 


778 



A 2 ( R a. ) 



7 

7 

1 158 ( 1) 

7 


The Raman spectrum of C 2 D 4 Br ? has been studied by Mizushima, Mori no and 
Suniura, Proc. Imp. Acad. Tokyo 14, 250, (193d); Proc. Ind. Acad. Sc. A, Ra- C- 
man Jubilee Vol., 315, (1938). lhe following data are taken from Kolrausch 
arid Witte!:, loc. cit. T h e assignment of the frequencies in accordance with 
the tables on Pp. 309-310 is as follows: 


tran3 A ( Ra. ) 

' 9 07 ( 3) 

607( 10) 

2188(6) 

9 9 2 ( 10 ) 

? 

188( 10) 

B * ( Ra. ) 



220 3( 3) 

1 16 2( 3) 

? 


els A x ( Ra. ) 

8 22(0) 

516(5) 





B t (Ra. ) 


5 27 ( 2) 

? 

115 4 ( 4 ) 

7 

318( 1) 

b 2 ( Ra « ) 



? 

7 

7 10(0) 


A 2 ( R a. ) 



? 

7 

7 

85( 1) 

Kohlrausch 

and Wittek 

lop. cit 

., give another assignment of the fre- 

quencies of th.e 

dihalogen 

ethanes. 

They agree 

with Wu (Pp 

. 307-310) 

in that 


the Raman and the infrared data indicate the presence of both the trans and 
the cis forns, but differ from Wu in the assignment of certain frequencies. 
While such controversies probably have not much significance especially in 
view of the unsettled ouestion concerning the structure of the isomers (see 
below), it may be well to point out some difficulties in their assignment of 
the frequencies. Thus for the trans form, they interchange the A vibrations 
at ~i050 cm”’ 1 with the 8* vibrations at ^1440 cm -1 in Table LXXXIV. Now the 
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Raman lines at ^1440 cm” are all depolarized, while as A vibrations they 
should have been polarized. On the other hand, the 1050 cm -1 of C 2 H 4 C 1 2 is 
polarized, while as a b* vibration according to them, it should have been de¬ 
polarized. 

For the cis form, they assign the Raman frequencies at ~iido cm” 1 ( A a 6' 
in Table XC) to the k t class, and the C 2 H 4 Br 2 1238, C 2 H 4 BrCl 1256P, C 2 H 4 C1 2 
1263d, C 2 H 4 C1I 1231 to the B t class. Here the difficulties are: i) the 
C 2 H 4 C1 2 1263d line must be ascribed to the trans C 2 H 4 C1 2 since it is shown by 
Mizushima and Morino not to disappear in the solid state, ii) the correspond¬ 
ing infrared bands have not been observed while as B vibrations according to 
these authors they should appear in absorption, and iii) the C 2 H 4 Br 2 n86d 
and C 2 H 4 C1 2 i207d are depolarized, while as A t vibrations, they should have 
been polarized. 

Instead of postulating the trans and the cis forms, Edgell and Glockler, 
Jour. Chem. Phys. 9, 375 > (1941), suggest that the stable isomers are the 
trans form and a staggered form of symmetry C 2 which results when one CH 2 X 
group is rotated about the C - C axis through 120 0 from the trans config¬ 
uration. The arguments for the C 2 form are: i) the Cl-Cl distances for the 
trans and the C 2 forms are 4.4 and 3.1 A, respectively, in agreement with the 
values 4.4 + 0.1 and 3.2 ± 0.1 given by Wierl from electron diffraction meas¬ 
urements, and ii) the number of depolarized Raman lines below ^1600 cnT 1 ex¬ 
pected from the trans, cis and C 2 form is 2, 9, 6 respectively. The number 
observed is 9 for C 2 H 4 C 1 2 and C 2 H 4 Br 2 according to the list of Kohlrausch and 
Wittek, loc. cit., while 11 would be expected for the trans + cis mixture. 

While the electron diffraction data, if accurate, seem to demand the C 2 
instead of the cis form, we wish to point out that the second argument above 
furnishes no evidence either way. The absence of certain expected Raman lines 
can always be due to low intensities. Consider, for example, the number of 
polarized Raman lines which in general should be more intense than the depo¬ 
larized ones and are hence less likely to escape observation. The number be¬ 
low ~i6oo cm” 1 expected of the three isomers is 5, 5, 8 as shown in the fol¬ 
lowing table. 



N 0 . dep. lines 

below 1600 cm 1 

No. pol. lines below 1600 cm 1 


expected 

observed 

expected 

observed 

tran 8 

2 


5 


Cl 8 

9 

9 

5 

8, C 2 H 4 C1 2 

C« 

6 


8 

7. C 2 H 4 Br 2 


Thus for a trans +C 2 mixture, 13 polarized Raman lines would be expected com¬ 
pared with the 7 or 8 observed, whereas 10 are expected for the trans + cis 
mixture. 


Another point may also be mentioned in this connection. There seems to 
be general agreement that the depolarized lines 92 cm' 1 in C 2 H 4 Br 2 and 123 
cm' 1 in C a H 4 Cl 2 are the torsional frequency of the two CH 2 X groups (Table 
XC and Kohlrausch and Wittek, loc. cit.). For the C 2 form, this mode of vi¬ 
bration is symmetrical with respect to the axis of symmetry and would give 
rise to a polarized line. For this and other reasons, an attempt to assign 
the observed Raman and infrared frequencies on the assumption of a trans +C 2 
mixture has not been successful. 
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Symm. Tetrahalogen ethanes (V, §o, B, P. 312) 

The Raman spectra of symm. C 2 H 2 C 1 4 and C 2 D 2 C 1 4 have been studied at two 
temperatures by Langseth and Bernstein, Jour. Chem. Phys. 8, 410, (1940). 

From a consideration of the number of lines below ^400 cnf* 1 having positive 
and negative temperature coefficients of intensity, these authors conclude 
that the isomeric forms of these molecules are the cis and the C 2 staggered 
forms, with the cis more stable. 

It is found, however, by electron diffraction measurements by Shoemaker 
and Stevenson, Jour. Chem. Phys. 8 , 637, (1940), that the Cl - Cl distances 
in C 2 H 2 C 1 4 are 3.31 and 4.32A corresponding to the distances 3.25 and 4.32A 
expected of the C 2 staggered and the trans form respectively. 

Prom the Raman spectrum data now available, it does not seem possible to 
give a comolete and satisfactory analysis of the observed frequencies and 
hence to decide the isomeric forms of the molecules. In view of the electron 
diffraction data, Langseth and Bernstein's conclusion must be regarded as pre¬ 
mature. 

Ctl s CF 3 , CttaCCJLa (V, § 0 , B, P. 312) 

The Raman spectrum of Cli 3 CF 3 has been studied by Hatcher and Yost, Jour. 
Chem. Phys. 5, 992, ti937); and that of CH 3 CC 1 3 by Hull, ibid., 3, 534, ( 1935) • 
Irrespective of whether it is the staggered or the eclipsed structure which is 
the more stable one, the symmetry class is C 3l> . There should be 5 || vibrations 
giving polarized Raman lines, 61 and doubly degenerate vibrations giving de¬ 
polarized lines, and a torsional vibration inactive in Raman effect. 

In the absence 0' polarization data, the following tentative assignment 
of the observed frequencies can be made; 






•Mil) 





Ell) 



A* 



V (CH 3 ) 

6 (CH 3 ) 

V(CC) 

v(a 9 ) 

5(Ci,) 

V(CH 3 

) 6 ( CH 3 ) 

v (CX 3 ) 

6 (a 3 ) 6 < 

6 » 

torsion 

ch 3 cf 9 


29 47 

1450 

8 26 

988 

803 

30 4 0 

7 

1279 

368 ? 

641 

? 



( 5 ) 

( 4) 

( 5) 

( 6) 

( 2 ) 

(4) 


( 1) 

(2) 

(2) 


CH 3 C Cl a 


£6 43 

1424 

7 14 

523 

345 

30 10 

136 1 

107 1 

241 7 

? 

7 


_ 1 

(9) 

( 2 ) 

(7) 

(9) 

( 10 ) 

(6) 

( 2) 

(2) 

(7) 



CH 3 CF 9 : 

2792( 2) * 

1450 

+ E( 1350), 

28 25 ( 1) 

* ?, 

188 5( 1) * 2 

1450 



CH 3 CC1 3 : 

1242(4) = 

523 + 

714, 

159 2(4) * 523 + 

107 1, 

27 43( *) 

* 1424 + 

138 1. 


The Raman spectra of a number of halogen ethanes have been studied. 

CHCla CH 2 C 1 by Hull, loc. cit.; 

CFC 1 2 CFC 1 2 by Glockler and Sage, Jour. Chem. Phys. 8, 291, (1940); 

CF 3 CCI 3 , CClgCHFCl, CF # C1CF 2 C1, CF 2 C1CFC1 2 , CF 2 C1CF 2 H, CF.CICHFCl, CF a BrCF a Br, 
CF 2 BrCFClBr, by Glockler and Sage, ibid. 9, 387, (1941). 

A discussion, at best tentative and uncertain, of these spectra will not 
be attempted here. 

C a H a cyclopropane (V, § 7 , P. 313 ) 

A complete normal coordinate treatment of this molecule has been given by 
Saksena, Proc. Ind. Acad. Sc. A 10, 449, (i 939 >. The potential employed is of 
the modified valence force type: 
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2 V m & CC 2(AR) ■•■^ CH 2(Ar) +fc ccc 2(aAy) 2 + fe HCH Z( 6Acp) a 
+ Aj cch 2( ^ a Y ) 2 + ^ e 2( AR) ( 6Aq>) + 2( AR) ( Ar). 

From the two AiJ vibrations (see Table XCIIi, Saksena finds 

^ch * 4*9 x 108 > ^cch*°*45 * io«. 

With these values and the 3A^ vibrations, he finds 

^cc * 4»o6 x io®, fc HCH “ 0.348 x 10®, * -0.547 x 10®, k 7 * -0.153 x 10®. 

The constant £ ccc i s taken to be -0.923 x iob for the calculation of the 4 E' 
vibrations. The low value A* cc for the C - C bond is to be noted. It is not 
clear, however, from the paper how it is possible to obtain any unique values 
for the 4 constants A> cc , fc HCg , $ a , k 7 from only 3 equations for the 3 AJ vi¬ 
brations. 

{CH a ) 2 0 dimethyl ether (V, § 2 , P. 315 ) 

The infrared spectrum has been studied under low dispersion by Crawford 
and Joyce, Jour. Chem. Phys. 7, 307, (i939>, who also summarizes the Raman 
spectrum data obtained by Dadieu and Kohlrausch, Monats. f. Chem. 57, 225, 
(1931); Kohlrausch, ibid. 68, 349, (1936); Sirkar, Ind. J. Phys. 7, 257, 

(1932); Volkenstein and Syrkin, Nature 137, 288, (1937); Ananthakrishnan, 

Proc. Ind. Acad. Sc. A 5, 285, (1937). 

On the assumption of a model with symmetry C 2L> , the observed infrared and 
Raman frequencies can be assigned as follows: 


Symmetry (0, V) 


Nature of 

s, 

a) 

B t ( s, 

a) 

B 2 ( a f 

s) 

A 2 (a, a) 

vibration 

Infra. 

Ra. 

Infra. 

Ra. 

Infra. 

Ra. 

Ra. 

V (CH 3 ) 

( 20 15) 

28 10p 

(29 15) 

? 

( £915) 

? 

7 

v*(ch 3 ) 

(2015) 

29 1 lp 

- 

- 

( 29 15 ) 

? 

- 

6 x (ch 3 ) 

( 1466 ) 

7 

( 1466) 

( 1450d ) 

(1460) 

( 1450 d) 

( 1450 d ) 

6|j( ch 3 ) 

(1466) 

? 

- 

- 

7 

? 

- 

T h ( CH, rocking) 

( 1 180 ) 

7 

(1180) 

(1155d) 

( 1180) 

( 1 165d) 

( 1155d) 

v (CO) 

( 940 ) 

9 20 P 

- 

- 

1122 

1110? 

- 

6 m (C-8-C) 

440 

4 1 2p 

- 

- 

- 

- 

- 

Y( torsion) 

- 

- 

7 

7 

- 

- 

7 

0 * plane bisecting the C 

- 0 - C 

: angle; V 

* plane 

0 f C - 0 

- C. 8 * i 

i « sym- 


metric and antisymmetric with respect to o or u. Frequencies In parentheses 
Indicate frequencies falling together and unresolved. 

The potential barrier for the internal rotation of the CH a groups has 
been calculated by Kistiakowsky and Rice from entropy data to be -*2500 cal/ 
mol. (^870 cm"’ 1 ). Jour. Chem. Phys. 8, 618, (1940). It is possible that the 
very weak Raman line at ^300 cm”* 1 arises from the torsional vibrations. 

(CH S ) g S dimethyl sulfide (V, §7 > 2, P. 315) 

The Raman spectrum and the infrared spectrum under low dispersion have 
been studied by Fonteyne, Jour. Chem. Phys. 8, 60, (1940), and the latter has 
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again been studied by Thompson, Trans. Faraday Soc. 37, 38, (1941). The ob¬ 
served frequencies and their assignments on the basis of a C 2V model are 
given below. The notations are the same as for (Cfl 3 ) 2 0. 


Nature of 

vibration 

A 1 

In fra. 

( s, s) 

Ra. 

Symm et ry ( a, L 

Bi(8 , a) 
Infra. Ra. 

» 

B 2 ( a. 
Infra. 

8 ) 

Ra. 

X 2 ( a, a) 
Ra. 

v„(CH„) 

( 29 £4) 

28 32p 

(29 24) 

28 5 2 

(29 24) 

? 

2980(1 

Vj^CHa) 

(29 24) 

29 1 IP 

- 

- 

? 

? 

- 

6^ ( CH 3 ) 

( 1430 ) 

( 1440 ) 

( 1460) 

( 1440) 

( 1430 ) 

( 1440) 

1420 4 

T„ (CH g) 

( 1315) 

1325P 

- 

- 

( 1315) 


- 

6 M (CH 3 rocking) 

1242 

1230 

127 4 

? 

1040 

10 4 1 vw 

9 19 vw 

V{ CS) 

693 

6 6 0 P 

- 

- 

? 

7424 

- 

C-S-C) 

? 

28 5p 

- 

- 

- 

- 

- 

y( torsion) 

- 

- 

? 

? 

- 


? 


Electron diffraction measurements by Brockway and Jenkins, J. Am. Chem. 
Soc. 58, 2036, (1936), give 1.62A for the OS distance. The angle C§C is 
less certain, but is probably ^105°. 

The potential barrier for the internal rotation of the Cfl 3 groups has 
been calculated from the measured entropy and on the basis of the above fun¬ 
damentals by Osborne, Doescher and Yost, Jour. Chem. Phys. 8, 506, (1940), 
and by Thompson, loc. cit. The value is -<2000 cal/mol. 

(CHoiaZn dimethyl Zinc (V, §7, 3, P. 315) 

The Raman spectrum has been studied by Venkateswaran, Ind. J. Phys. 5, 
145, (1930), and Pai, Proc. Roy. Soc. A149, 29, (1935). The infrared spec¬ 
trum has been studied by Thompson, Linnett and Wagstaffe, Trans. Faraday Soc. 
36, 797, (1940). Measurements of the electric moment (Braune and Knoke, 
Zeits. f. phys. Chem. B 23, 410, (1933^seem to indicate a linear C-Zn-C 
structure. The molecule would then be similar to dimethyl acetylene in the 
normal vibrations and their selection rules. Thompson et al from considera¬ 
tions of the assignments of the infrared bands on the basis of the eclipsed 
D 3h and the staggered D 3d models that the former is more satisfactory. The 
appearance of the frequency 620 cirr 1 , which is probably the ''rocking" fre¬ 
quency of the CH a groups, in both the Raman and the infrared spectrum seems 
to prefer D 3ll over D 3<s . It is probable that on account of the greater dis¬ 
tance apart (than in C 2 H 0 ) between the two C atoms the potential barrier for 
the torsion oscillation is rather low, perhaps <1000 cal/mol., so that the 
symmetry is D 3h (see P. 296). In the following table, the observed data are 
summarized together with their assignments on the basis of the D 3h model. 

The assignments suggested here differ from those given by Thompson et al 
chiefly in the deformation vibrations of the CH S . The reason for assigning 
the infrared frequency 1350 cmT 1 and the Raman line 1346 cm -1 to the parallel 
vibrations 6j|(CH a ) in A[ and Ay and the infrared and Raman frequency at 1445 
cm** 1 to the X vibrations fi^CHa) in E' and E" is that the corresponding vi¬ 
brations in C a fl e and CH 3 CCCH a have these values. Reference to the foregoing 
tables for (CH 9 ) a 0 and (CH 9 ) a S shows that the II and JLdeformation vibrations 
in CH a have frequencies -*1310 and ^1440 respectively. The assignment of the 
Raman line 1160 to the rocking vibration of CH a in E n is suggested by the 
corresponding vibration in C 2 fie (see Table LXXXV , P. 304), although the in¬ 
tensity seems too great. 
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On the basis of the fundamentals suggested here, all the observed infra¬ 
red bands between 9 and 2\i can be accounted for (for selection rules for har¬ 
monic and combination bands, see Pp. 296-7). The value ^130 cnf 1 for the 
torsional oscillation is assumed to explain the weak Raman line 248 cm"" 1 . 


POTENTIAL CONSTANTS OF POLYATOMIC MOLECULES 

In recent years, the detailed calculation of the potential functions of 
polyatomic molecules has been the subject of study by a number of investiga¬ 
tors. Before summarizing in the table at the end of this section the best mo¬ 
lecular constants now available, it is perhaps not entirely out of place to 
emphasize again the factors affecting the potential constants and the extent 
to which significance may be attached to their exact numerical values. 

1) Form of the potential function 

It has been sufficiently recognized that while the bond constants in po¬ 
tentials of the modified valence force type, for example, do have simple phys¬ 
ical meaning, their exact numerical values depend on the form of the poten¬ 
tials in which they are defined, i.e., on whether certain cross terms are in¬ 
cluded. As an example, consider the methyl halides. A simple valence poten¬ 
tial contains 4 constants, while better approximations are obtained by 
introducing additional cross terms. Thus 

2 V A - k 2(6r) 9 + k x {br 0 )* + fc e 2(r60) “ ♦ * 9 2(r6<p)* (A) 

2 V B * 2 V A + afc 4 6r 0 2( r5q>) (B) 

1C) 


2 V$ m 2 V B + r69) i r6<p) 
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where r and r Q are the C-.i and C-X distances respectively, 0 is the HCH angle, 

and qp the nek angle. In the following table, the values under column A are ob¬ 
tained from the parallel vibrations for the potential (A), (P. 242). Those 
under B are obtained by Linnett, Jour. Chem. Phys. d, 91, (1940), by fitting 
the s constants in (B) to the observed frequencies v 2 , v 3 , v*, v 0 , v„. Those 
under C are obtained by Crawford and Brinkley, ibid. 9, 69, (1941), by talcing 
over the values of k and in (C) from C 2 H 6 and determining the other 4 con¬ 
stants such that the calculated frequencies from the deteminantal equation 
best fit the observed values (the maximum discrepancy between the calculated 
and the observed frequencies is 1.7% in this case). 



fc(O-H) 

A 

%i(0-X) 

*6% 

fe(O-H) 

fel(O-I) 

B 

S 

&(0-H) 

C 

fejtO-X) 

CD 

•Cl 

% 

CHgF 

4. 96 

5. 78 

0.98 

4. 7 1 

5. 6 4 

0.433 

0.792 

4.79 

5.96 

0.46 

0.76 

CH„C 

4. 9 4 

3. 46 

0.97 

4. 90 

3. 35 

0. 438 

0 . 587 

4. 79 

3. 64 

0. 46 

0. 58 

CH 3 Br 

4. 9 4 

2. 8 2 

0.8 2 

4.9 5 

2. 8 3 

0.432 

0.529 

4.79 

3. 13 

0. 46 

0..5 2 

CHgI 

4.96 

2. 23 

0.77 

5. 00 

2. 32 

0. 4 32 

0. 460 

4. 79 

2. 65 

0.46 

0.45 


Of the 3 sets of potential constants, those under A may be regarded as 
definitely inferior since they have been obtained without making use of the 
perpendicular vibrations. Both sets B and C reproduce the observed frequen¬ 
cies about equally well. It is seen that even for the same molecule CH 9 I, the 
constant k differs by about 4% and by about 12% in the two calcula¬ 

tions. Hence it is abundantly clear that great care must be exercised in com¬ 
paring the bond constants in different molecules which are structurally dif¬ 
ferent and consequently for which the potentials employed cannot be exactly 
comparable. 

2) Method of the calculation 

The above two sets of constants B and C also illustrate the difference in 
the constants resulting from a difference in the procedure adopted in their 
evaluation. The procedure of Crawford and Brinkley in which the constants 
pertaining to certain groups or radicals are carried over from other molecules 
is useful for i) determining a potential function with a large number of con¬ 
stants and hence giving a better description of the molecule, and ii) locating 
a priori the fundamental frequencies of a new molecule. Thus Crawford, Jour. 
Chem. Phys. 8, 526, (1940), employs for CH a CCH a potential function with 13 
constants 5 of which are carried over from C 2 H e , 4 from C 2 H a , and 3 from di¬ 
methyl acetylene. 

On the other hand, the usual procedure of determining the potential con¬ 
stants for each individual molecule independently of others has the advantage 
that the potential so determined is characteristic of that molecule. Thus the 
fc(C-H) constants under B in the above table show a small increase in passing 
from CH 0 F to CH 3 I. This increase, if shown to be free of the effect of anhar- 
moaicity discussed below, would mean a slight decrease in the C-H distance in 
passing from CH a F to CH g I. As matter stands, however, there is no exact cri¬ 
terion for choosing either one of the two sets B and C, since both reproduce 
the observed frequencies about equally well. Perhaps a choice in this and 
similar cases will remain to be decided by the particular object of the calcu¬ 
lation and by individual preference. In any case, it is useful to remember 
the limitations of the calculation and the inherent indefiniteness of the 
constants within certain range. 



SupD lenient 


361 


3) Anharmonicity 

Now the determinantal equation of a normal coordinate treatment gives 
the so-called zeroth-order frequencies w's, while the observed frequencies 
are determined not only by the quadratic potentials alone, but also by the 
effect of anharmonicity. For vibrations involving H atoms, it is found from 
the few cases for which a higher order calculation has been made (H 2 0 , C 2 H 2 , 
HCN, CH 4 ) that the potential constants obtained with the (*>'s may differ from 
those calculated with the observed v's by as much as 10% (see footnotes on 
Pp. 156, 163, 184), For vibrations not involving H atoms, the difference is 
in general small, but in some cases it may still be 4-6% (for COS, the con¬ 
stants obtained with the w's and the v's are, respectively, fe(CO) * 13.4, 
ft(CS) * 8.35; ft(CO) * 14.2, f?i CS) = 8.0, in 10 6 dynes/cm. See P. 151). Since 
the evaluation of the w's cannot be carried out in most cases for lack of ap¬ 
propriate data, one must be contented with an approximate determination of 
the potential functions from the observed frequencies. 

One might suppose that if one calculates the potential functions consist¬ 
ently from the observed v's in all cases, the anharmonicity may affect the po¬ 
tential constants by approximately the same amount in different molecules so 
that the potential constants are still relatively correct. This is undoubted¬ 
ly true. But when one insists on attaching a significance to small variations 
of the order 1-2%, in the bond constants in a series of molecules, it may be 
well to keep in mind the fact that the effect of anharmonicity on the fre¬ 
quencies depends in general on the motion of all the atoms in the molecule, 
and consequently the frequencies of even an identical group (i.e., group hav¬ 
ing identical potential functions) in different molecules may be differently 
affected. The result is that the observed v's will lead to slightly differ¬ 
ent potential constants for the group in different molecules, although the 
w's, if available, would lead to identical constants. 

4 ) Numerical uncertainties 

Quite often it happens that simply because of the nature of the deter¬ 
minantal equation, the values of certain potential constants are exceedingly 
sensitive to small changes in the frequencies. In unfavorable cases, such as 
C 2 H 4 discussed in an earlier section, it is found that a change of the fre¬ 
quencies by 1 % may spell the difference between real and complex roots for 
certain constants (& 3 in the case of C 2 il 4 ). As the corrections for anharmon¬ 
icity are not known in general, one should perhaps regard the potential con¬ 
stants as significant only up to a few per cent in such cases. 

Finally, in view of the still frequent over-simplification in the lit¬ 
erature, it may not be entirely superfluous to emphasize that one should not 
dwell too much in the "characteristic frequencies" themselves of certain 
chemical bonds or groups. It is really the bond constant, not the frequency, 
that is characteristic of a bond. In a complex molecule, a "characteristic 
bond frequency" is not determined by the potential constant and the masses of 
the atoms of that bond alone, but is a normal frequency of the molecule as a 
whole. A shift of the characteristic frequency in passing from one to anoth¬ 
er molecule does not necessarily mean a corresponding change in the bond con¬ 
stant. For example, the shift of the CsC frequency at i960 cm^ 1 in C 2 H 2 to 
2130 cnT 1 in Cfl*CCH and 2270 cm** 1 in CH a CCCH a is taken by Hibben (The Raman 
Effect and Its Chemical Applications, P. 201) to mean an increase in the C=C 
bond constant in the substituted acetylenes. Calculations (Pp. 292, 318; al¬ 
so Crawford, Jour. Chem. Phys. 7, 555 > ( 1939 ); 8 , 526, (1940)) on a normal 
coordinate treatment show, however, that these observed frequencies are en¬ 
tirely consistent with one value'for the C=C constant in these molecules. The 
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increase in the C = C frequencies in the substituted acetylenes is due to the 
coupling of the motions of the various atoms and not to an increase in the 
bond constant. For this reason, any discussion of the bond or group struc¬ 
ture must be based on the bond constants calculated from an appropriately de¬ 
fined potential function, but not on the frequencies which can be "character¬ 
istic 11 of a bond or group only in a qualitative sense. 


-CH 

3 -CH, 3Crt 


C- C 

CsC 

Ref. 

CH 4 * 6#836 ( 1.093) 




d;8 

6.7 





225 

CH a F 4.71 





L 

CH a a 4.91 





L 

CH a Br 4.95 





L 

CH 8 I 6.00 





L 

CH^DH 4.80 <1. 

108) 




286 

CH a CN 6.0 


5.3 



L 

4.79 


4 . 94 (1.49>* 



c 3 

CHJIC 5.0 





L 

CHqCGH 4.79 

5.85 

5.18( 1.462) 


15.58 

C 2 

CH gCCCHg 4.79 


5. 18 


15.59 

Ci 

CgH e 4.81 


4.53(1.54)* 



L 

W* 

5.02(1.071) 


9.9(1.353) 


S 

ocn s 

4.2 




211 

occh 2 

4.85 


9.8(1.35)* 


253 

C(CH a ) a 

4.9 


9.6( 1. 31)* 


290 

CaHc 

4.85 

5. 17 



316 


4.9 

4.06* 



Se;8 

Pe« 6 

5.05 

7.58(1.39)* 



321 



6.7 (1.37)* 



187 

^ 2 ^ 4 


6.8 (1.38)* 



272 

HCN 

*6.3 




156 


5.85^-° 6 ^ 




c 3 

CgH 2 

*6.2 



*17.0 

185 


^(l. °S7) 



15.59 (l-aU) 

C 1 

Cjfla 

5.95 

3.6 (1.36)* 


16.3 ( 1. 187)a 

259 

Cs0 2 




12.5 (1.29)* 

216 


Table Cl,a. Potential constants in 10 8 dynes/cm. and bond 
distances in 11T 8 cm. 

Potential constants narked with a are calculated from the serotb-order (*)*s; 
those unnarked from the observed frequencies* Numbers In parentheses are dl s- 
tances. Those marked with a are electron diffraction values; those unmarked 
from the spectra. D * Dennison. Rev* Mod. Phys. 12, 175. ( 1940 ); L * Mnnett, 
Jour* Chem. Phys. 8, 91, (1940); C ± * Crawford, Ibid. 7, 555, ( 1959); C 2 * 
Crawford, Ibid. 8, 526, ( 1940); C s * Crawford and Brinkley, Ibid. 9, 69, ( 1941); 
Be * Seksena, Proc. Ind. Acad. 8c. A10, 449, ( 19 59); 8 * this Supplement; num¬ 
bers refer to page numbers In this volume. 
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0 

O 

0 

ti 

0 

0 

ill 

0 

0 

III 

as 

Ref. 

ch 8 oh 

5. 77 ( 1. 427) 


28 5 

OCN~ 

4. 69 

16.57 

158 

CO 3 

6.2 


208 

0CC1 2 

12. 1( 1. 28)* 


213 

och 2 

12. 1 ( 1.21) 


211 ; S 

occh 2 

12. 3( 1- 17 )* 


263 

ocs 

*13. 4( 1. 16)* 


151 


14. 2 


151 

co 2 


15. 9( 1. 15) 

147 

c .°* 

16.0( 1.20) 


216 

SCN 


14.4 

158 

SeCN 


14. 6 

158 

HCN 


* 16. 2( 1. 16) 

156 



17.7 

c 9 

c 2 n 2 


17.5(1.156)* 

187 

CH gCN 


17.5 ( 1. 16 ) * 

L; C 9 

CH 3 NC 


16.3(1. 17 )* 

L 

XCN » X = 

halogen 

16.7( 1. 17)* 

157 


Table CI,b. Potential constants in 1U B dynes/cm. 



and bond distances in 1O“ 0 cm. 




C - F 

C - Cl 

C - B x 

C - I 


0CC1 2 


2. 27 ( 1. 68 )* 



213 

XCN 


5-2 (1. 67 )* 

4. 2 ( 1.79 ) 

2.9 (1.96) 

157 

C 2 C1 4 


4.5 (1.73)* 



27 2 

c 2 h 2 ci 2 , 

tr an s 

4. 0 ( 1. 69 ) * 



27 5 

CH g X 

5.64( 1.42)* 

3. 35 ( 1. 77) * 

2. 83( 1.9 1)* 

2. 32(2.28 )* 

L 


6. 96 ( 1.39 ) 

3.64(1.68) 

3. 13 ( 1.88) 

2. 65 ( 2.07 ) 

c 3 

C1 A 

5. 4 ( 1.36 )* 

1.7 (1.76)* 

1. 4 (1.93)* 

( 2. 14)* 
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Table CI,c. Potential constants in 1U* dynes/cm. 
and bond distances in llT* 8 cm. 





